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VoLUME 8 


ASTRONOMY I 
The Moon, the Planets, and the Sun 


INTRODUCTION 


Volume 8 of The World of Science is pri- 
marily concerned with the solar system. 
While there is no doubt that space tech- 
nology has revolutionized solar system 
astronomy, most of what astronomers 
know about the sun and the planets has 
been learned through patient analysis of 
data obtained from earthbound instru- 
ments. The astronomer is thus handi- 
capped by not being able to examine his 
subject firsthand; instead, he must be 
content to interpret experiments already 
performed by nature. Much of the ma- 
terial in this volume explains how astron- 
omers are able to overcome this handicap 
and determine, for example, the rotation 
rate of cloud-covered Venus or the tem- 
perature within a sunspot. 

Six articles describe the topology of 
the moon and discuss the probable origin 
of craters and maria on this celestial 
neighbor. In addition there is at least one 
article on each major planet. Discussed 
for each planet is important physical data 
such as size, mass, and satellites. New 
discoveries such as the nonsynchronous 
rotation of Mercury and the radio emis- 
sion from Jupiter are included. Planetary 
| subjects of particular interest, such as the 
rings of Satur and life on Mars, have 
separate articles devoted to them. 

In many ways the sun is the most in- 
teresting and important object in the 
solar system, Astronomers study the sun 
not only because it is so important to life 
on Earth but also because it presents the 
only opportunity to study a star close up. 
Because the sun is the only normal star 
for which astronomers can investigate 
prominences, sunspots, and magnetic 
fields, understanding the sun becomes 
crucial to understanding the other stars. 
In this volume articles on the sun explore 
the phenomena just mentioned plus the 
solar spectrum, the sun as a radio source, 
eclipses of the sun, and the sun’s mag- 
netic field. 

Besides the sun and the planets, the 
solar system contains numerous small 
bodies including comets, asteroids, and 
meteors. Although insignificant in mass 
compared with the sun and major planets, 
these objects are important for several 
different reasons. Fallen meteors (mete- 


orites) are valuable samples rater- 
restrial material, and laborat alysis 
of these rocks provides clues 1e his- 
tory of the solar system. Come often 
spectacular; they are also of inter- 
est because the motions in tails 
reveal something of the phy ondi- 
tions in interplanetary spac irther- 
more, when an asteroid or « passes 
near a major planet, the mass « planet 
can be computed from its « on the 
orbit of the smaller body. 1 olume 
contains five articles on aster comets, 
and meteors; these articles g areful 
description of the objects ar o con- 
sider the relationships of th e. For 
example, some periodic met howers 
are due to the passage of Earth 
through the orbits of old s that 
have long since disappeare« 

Finally, two articles on cel »bjects 
outside the solar system c e this 


volume. “Diffuse Nebulas” an laxies” 
describe the various kinds of ts that 
have a nebulous or cloudy arance 
when seen through the tele They 
range from dust clouds that by re- 
flected starlight (such as th ulosity 
of the Pleiades) to the exter ralaxies 
that are vast star systems sor nes re- 
sembling the Milky Way (s as the 
Andromeda Nebula), and in » such 
mysterious objects as the Crab Nebula 
This nebula receives special attention be- 


cause of recent discoveries about its na- 
ture. It has long been known that this 
nebulosity is the result of a supernova ex- 
plosion that occurred a.p. 1054. Interest 
was further aroused when it was dis- 
covered that the Crab Nebula is a strong 
source of both radio waves and x-rays: 
The latest surprise has been the identifi- 
cation of the central star of the nebula 
(undoubtedly the object left over after 
the explosion ) as one of a class of pulsat- 
ing radio sources known as pulsars. If this 
star is really a neutron star, as many 
believe, the Crab Nebula becomes ex- 
tremely important for understanding the 
final stages of stellar evolution. 


R. Kent Honeycutt, Ph.D. 
Assistant Professor of Astronomy 
Department of Astronomy, 
Goethe Link Observatory, 
Indiana University 


ND ITS MOTION 


ial phenomena and the positions of 
ly bodies may best be described 
ining that they are all placed on 
parent sphere—an inverted “bowl” 
is concentric with the terrestrial 
or Earth. Since the human eye, 
ts observation point on Earth, is 
to determine the different dis- 
of these celestial bodies, it is only 
| to imagine such a hypothetical 


ore basic reason for the concept of 

itial sphere is that this hypothetical 

ric figure is extremely useful for 

‘ining the position—that is, the di- 

f the line of sight—of a star. The 
iy be defined as the straight line 
us from the observer's eye to the 
l body being observed. The in- 
n of the line of sight may vary 
spect to the horizon, and it may 
ny direction with respect to the 
| points (north, east, south, west). 
rate this, imagine the observer at 
ter of a sphere, with his lines of 

\tersecting the sphere. The line of 

iay also be related to the plane of 

izon and to the cardinal points. 

e point of intersection of the line 

‘ht on the celestial sphere may be 
idered with reference to other points 
he sphere. 
ise the Earth’s surface is divided 
ridians and parallels, it is quite 
simple to establish references and deter- 
mine the position of any particular point 
on its surface, These divisions are natu- 
rally derived from the rotating movement 
of the Earth, the positions of the poles, 
and the equatorial plane. 

Using the same criteria, the celestial 
sphere can also be divided. It, too, seems 
to rotate on its own axis, although this 
apparent rotation is, of course, simply the 
reflection of the Earth’s rotating motion. 
Greek scholars thought the stars rose and 


THE THEORETICAL AND REAL HORIZON— 
The astronomical horizon is described in Illus- 
tration 2. Standing in the open, however, an 
observer can never really see the astronomical 
horizon, because his vision will always be in- 
terrupted by houses, trees, mountains, or even 
minor undulations of terrain. At sea, the hori- 
zon can be seen only if visibility is perfect. 
The astronomical horizon, however, is defined 
as a circumference traced on a plane tangent 
to the Earth’s surface at the point at which 
the observer O is standing. The marine horizon 


appearance and reality 


is described as where the tangent points T 
and T’ fall in the field of vision. Therefore, ob- 
server O situated at height h on the surface of 
the sea will see the marine horizon in the 
direction OT, rather than Oo’. By increasing 
the height h up to a certain value, the radius 
of visibility r is increased; the equation is 
r= 3.55Vh, where h is expressed in meters 
and r in kilometers. This formula is generally 
used for small values of h, but it can also be 
applied at the heights involved in aerial navi- 
gation. 


P 


set because of a daily westward rotation 
of the sphere around an axis thrust 
through a globular Earth. Copernicus 
taught that the Earth’s daily rotation set 
the celestial scenery in motion. 

In the study of astronomy, at least four 
different systems may be employed to 
determine celestial coordinates. Each is 
particularly suitable for a specific cate- 
gory of phenomena. These four systems 
are: (1) the system of altazimuthal co- 
ordinates that refer to the horizon, the 
zenith, and the meridian; (2) the system 
that relates the positions of the stars to 
the rotation of the Earth; (3) the system 
based on the Earth’s revolution around 
the sun, in which the plane of the Earth’s 
orbit or ecliptic is projected on the ce- 
lestial sphere; and (4) the system based 
on the galactic equator (the central plane 


of the Galaxy), which is used to deter- 
mine the relative positions of bodies both 
within and without the Galaxy itself. 

Three basic considerations apply to the 
use of each of these systems. One con- 
sideration is the reference points and cir- 
cles that determine the position of a 
body; that is, its coordinates on the ce- 
lestial vault. A second consideration is 
the method of determining the funda- 
mental reference circles. The third con- 
sideration is the manner by which the 
values of the coordinates in a given sys- 
tem can be determined when the values 
of another system are known. 

This article deals in detail only with 
the first two considerations. The third in- 
volves a simple mathematical problem 
that can be solved through spherical trig- 
onometry. 


ALTAZIMUTHAL COORDINATES—To under- 
stand how the celestial sphere is subdivided 
by the system of altazimuthal coordinates, 
imagine that a plumb line is extended from the 
center of the sphere (always indicated by O) 
toward both the top and the bottom. The in- 
tersection of this line with the top of the 
sphere occurs at a point called the zenith, a 
name derived from Arabic astronomy of the 
last centuries of the first millennium. On the 
celestial sphere, the zenith is indicated as Z; 
ZO is the direction of the plumb line. 

The point where the plumb line would meet 
the celestial sphere at the bottom is called 
the nadir (another Arabic name), indicated by 
N. It does not appear on the hemisphere 
shown here simply because only the top half 
of the celestial sphere is illustrated—that part 
appearing above the circle SENW, represent- 
ing the astronomical horizon on which are 
noted the cardinal points. 

The diameter of the sphere is unimportant, 
since the systems of coordinates do not de- 
pend on this factor. A marks the meeting 
point of the observer's line of sight with a 
celestial object on the sphere. The following 
procedure describes the position of this ob- 
ject on the celestial sphere: from the zenith, 
circles ZS, ZE, ZN, ZW are traced to meet the 


horizon perpendicularly at each of the car- 
dinal points. A fifth circle ZAH is traced 
through A. These circles are called vertical 
circles, or circles of altitude. The two funda- 
mental circles are NZS (the meridian circle) 
and EZW (the first vertical). 

The angle of the arc AH measured in de- 
grees is the altitude of the celestial object on 
the horizon. The angle can be determined by 
joining points A and O, and points H and O. 
The complementary arc ZA is the zenith dis- 
tance of the body. 

The circles that divide the celestial sphere 
by passing through the zenith and the nadir 
are great circles—those with diameters equal 
to that of the celestial sphere. For a complete 
description of the celestial sphere, horizontal 
circles must also be traced. An example is the 
horizontal plane (parallel to the plane of the 
horizon) that passes through the representa- 
tive point A. This horizontal circle MAT, like 
all others parallel to it or the equator, is called 
the almucantar, still another Arabic name. 

The horizontal circles give one coordinate 
—the altitude—of a celestial body. All bodies 
falling on the same horizontal circle are at the 
same altitude. Before considering the second 
Coordinate of the altazimuthal system, the 
azimuth, note that the meridian circle, which 


ects the 


passes through the zenith Z and 


horizon at cardinal points N an orth and 
south), also passes through the tlal pole 
P. Also, the first vertical is the perpen- 
dicular to the meridian and meet horizon 
at the cardinal points E and W (e id west). 

All the elements needed to d the azi- 
muth of body A are now present azimuth 
is the plane angle that the line ht must 
turn through in moving from the sc cardinal 
direction to the point H, which is point of 
intersection of circle ZAH with horizon. 
Or, imagine a plane tangent to the celestial 
sphere at Z, and project on it, from O, the 
meridian and the altitude circle l; the size 
of the resulting plane angle is u to define 


that of the angle on the celestial sphere of the 
circles SZ and ZH). The azimuth may also be 
expressed as the arc SWH. 

Astronomers often calculate azimuth in the 
direction SWNE, beginning from the south. 
Navigators, however, measure from the north, 
in the direction NESW, and many astronomers 
are now adopting this convention. 

The two coordinates used in this system 
are altitude and azimuth, hence the name alt- 
azimuth coordinates. These coordinates are â 
good starting point toward an understanding 
of the other systems of coordinates 


CELESTIAL LATITUDE AND LONGITUDE—Us- 
ing equations that contain coordinates of the 
bodies themselves, the apparent movement 
of the sun on the ecliptic and of the moon 
and planets on planes near to that of the eclip- 
tic is studied, described, and predicted by 
astronomers. In this way developed a system 
of coordinates having the ecliptic as a great 
circle of reference. The illustration shows the 
celestial sphere divided by the circle of the 
ecliptic; the ecliptic in turn determines the 
position on the celestial sphere of two poles, 
PE and PE’. The ecliptic circle is inclined 
approximately 23° 27’ to the celestial equator 
EC. Hence, the arc PNPE is also 23° 27’. 

The position of star A can be described as 
follows: A great circle, passing through the 
poles of the ecliptic and the star, is traced, 
and the arc YA, called the latitude of the star, 
is measured. A second great circle, passing 
through the poles of the ecliptic and the vernal 
point P, is traced; the angle 7 PEY is called 
the longitude of the star. This system of co- 
ordinates is particularly useful in describing 
the motion of the planets. 


THE GALACTIC COORDINATES—When study- 
ing the structure of the galactic system, it is 
convenient to use coordinates based on the 
particular symmetries of the system itself. 
This illustration shows the celestial sphere, 
on which the Milky Way has been traced. 
Along its axis runs the galactic equator, 
which, in turn, determines the positions of 
the respective poles. Because of the uncertain 
nature of the composition of the Milky Way, 
it is not possible to pinpoint precisely the 
position of bodies with this system. The ce- 
lestial equatorial coordinates of the galactic 
poles (PG, P’G) are approximately 12h 40m 
right ascension and 28° north declination. 

The origin of the galactic coordinates is 
chosen to be a point in the constellation Sag- 
ittarius, at a right ascension of 17h 43m and 
a declination of —29°. This origin was chosen 
because radio and optical data indicate that 
this is the direction to the center of the galaxy. 

Describing the position of a conspicuous 
family of celestial objects by means of galac- 
tic coordinates indicates whether the objects 
tend to become noticeably more dense toward 
the galactic equator. If they do, it is possible 
that they are part of the galactic system itself. 
If, on the other hand, they are outside the 
system, their coordinates will appear to be 
distributed in the proximity of the galactic 
poles. This is because a layer of absorbing 
material in the galactic plane prevents obser- 
vation of extragalactic objects near the plane. 
PN and PS are the north and south celestial 
poles. EG is the galactic equator, while O, on 
this equator, is the point from which longitudes 
are calculated. 


TERRESTRIAL ROTATION AND THE CELES- 
TIAL SPHERE—The Earth's rotation causes an 
apparent rotation of the celestial sphere. This 
allows definition of a system of coordinates 
that is particularly useful in determining the 
positions of celestial bodies and in following 
their movements with an equatorial telescope. 

To an observer of the celestial sphere whi 
is situated neither too close to the Earth’s 
equator nor to its poles, the stars seem to 
move in rather different ways (Illustration 5a). 
In the east, as shown at the left, those stars 
rising exactly at the cardinal point and at a 
small area surrounding it seem to move in 
a straight line. Toward the north in the same 
picture they seem to move upward in concave 
circles; to the south, downward in concave 
circles. In the second diagram (south) the 
stars move in concave circles toward the 
bottom. 

The larger the circles, the higher the stars 
are on the horizon; all are concentric and 
their center, which does not appear on the 
horizon, is the celestial south pole. The third 
diagram represents the situation to the west, 


which is symmetrical to that to the east. 
Finally, from the north, the stars move in 
concave circles toward the top. The larger the 
circles, the lower they are on the horizo 
all are concentric to the celestial north pole. 
This photograph of the celestial pole (IIlus- 
tration 5b) is a time exposure of two hours. 
The stars are not luminous points, but rather 
are in apparent motion, because of the “ro- 
tation” of the celestial sphere. It is clearly 
seen that all of the stars travel through angles 
of equal size. The star that has left the most 
intense trace is Polaris, the Pole Star (North 
Star), the closest to the north pole. Despite 
its name, its position obviously is not exactly 
that of the north pole (one of the two fixed 
Points in the rotating motion of the celestial 
sphere, since it describes a rather large arc 
around the pole). The position of the Pole Star 
in relation to the celestial pole varies with time 
because the latter moves on the sphere due 
to perturbational action, causing a slow varia- 
tion in the fundamental planes such as the 
equator and the ecliptic. Until the year 2105, 
the present Pole Star will continue to move 


closer to the pole; then it will move slowly 
away from it. 

The method shown in Illustration 5c can be 
used to describe the position of any body 
located on the celestial sphere, using as ref- 
erence planes great circles that are different 
from those shown in Illustration 1. While the 
altazimuthal method is convenient for deter- 
mining the coordinates of a celestial body by 
means of an easily used instrument, its draw- 
back is that it must refer to the terrestrial hori- 
zon. The second method has the advantage of 
being independent of this horizon. While a star 
constantly varies in altitude and azimuth be- 
cause of the apparent rotation of the celestial 
sphere, it remains unchanged (for all practical 
Purposes) in relation to the coordinates ob- 
tained by this method. As already stated, two 
Points of the celestial sphere—the poles—re- 


srfectly still, regardless of the rotational 
snt. These are marked PN and PS, 
ih celestial pole and the south celestial 


celestial sphere is intersected by 
at pass through the two poles, a 
great circles is obtained that, for 
hat will become apparent, are called 
les. The sphere is then intersected 
> through its center, perpendicular 
stion of the two poles. This plane, 
ator, is a great circle. Other planes, 

the equator, are traced on the 


sphere. These are not great circles, but are 
called parallels of declination. Through every 
star passes an hour circle that serves to define 
the position of the star. The hour circle that 
Passes through the zenith coincides with the 
meridian circle. 

Illustration 5d shows a new use of circles 
for orientation on the celestial sphere. Now 
look at that part of the celestial sphere that 
can be observed above the horizon of any 
Point on Earth (the illustration shows a point 
in the north temperate zone). Note the circles 
on this portion. NWSE is the astronomical 
horizon with the cardinal points marked. P is 
the pole; Z the zenith. EQW is the celestial 
equator, or, more properly, half the equator— 
the half that is above the horizon. NPZS is 
the meridian, while A is any star. The great 
circle that passes through both this star and 


the pole is called the hour circle of the star. 
BA is the declination of the star, the arc of 
the hour circle between the star’s position 
and the celestial equator. AP is the polar 
distance. The circle of declination of the star 
is indicated by /. This also identifies the path 
along which the star moves due to the rota- 
tion of the celestial sphere. Part of this path 
is above the horizon and part is below it. 
Another very important circle must be con- 
sidered. A point is marked on the celestial 
equator to act as the origin of the coordinates; 
it is indicated with a symbol derived from the 


5d 


Greek letter y, the symbol of the constellation 
Aries P. This point is called the vernal point, 
and is also referred to as the first point of 
Aries. 

One other important circle is not shown on 
the celestiel sphere. This is the ecliptic, the 
projection on the celestial sphere of the plane 
of the Earth’s orbit. The ecliptic intersects 
the celestial equator at two points (diametri- 
cally opposite, since the ecliptic too is a 
great circle). The point that falls in the con- 
stellation Aries is the first point of Aries. It 
is the point corresponding to that which the 
sun reaches on March 20-21 every year, the 
vernal equinox. Its opposite point is the au- 
tumnal equinox. The great circle of the ce- 
lestial sphere that passes through the pole 
and the vernal point is occasionally called the 
equinoctial colure, and is very important for 


defining the coordinates of a star. The angle 
AP P, or the arc  B, measures the right as- 
cension of a given star. The right ascension 
is calculated as positive, beginning at the 
vernal point and increasing toward the east. 
Therefore, the right ascension of a star be- 
comes larger the later that star passes the 
meridian with respect to the vernal point. 
Since it is an angle, the right ascension can 
be measured in degrees and sexagesimal frac- 
tions. It is more convenient, however, to mea- 
sure right ascension in units of time. An 
astronomer can easily use a chronometer 


regulated on the hour at which the vernal 
point passes the meridian. This device indi- 
cates the right ascension of a star as the 
time the star passes the meridian. 

The angle ZPA, or the arc QB, measures the 
hour angle of the star. The declination of the 
star and its hour angle precisely define the 
position of the star on the celestial sphere; 
they are called hour coordinates. From these 
two coordinates, it is possible to derive the 
altazimuthal coordinates. The declination and 
the right ascension are called equatorial co- 
ordinates. The meridian serves as zero of the 
hour angles; the hour angle of a star situated 
west of the meridian is indicated as positive, 
that of a star to the east as negative. The 
hour angle is normally measured in degrees 
from 0° to 360°, but it may also be measured 
in hours, from Oh to 24h. 
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the astronomi- «| 


THE LENG PE ORT ED rren oad 


At midday, by definition, the sun should 
be exactly south (or north, depending 
upon one’s location) above the horizon, 
at a height depending on the season. 
However, if an observer waits, watch in 
hand, until precisely noon and then ob- 
serves the position of the sun, it is more 
than likely that the position will be sev- 
eral degrees off from due south (or north), 
and at a slightly different deviation from 
day to day. A series of observations will 
reveal some aspects of the sun’s motion 
and the apparently varying length of the 
day, from noon to noon, at a given point 
on Earth. The time interval between 
successive middays varies throughout 


THE MODEL SUNDIAL—A wooden board M, 
with an oblique side cut at an angle so that 
sights fixed at its extremities m and ml are 
aligned on the Pole Star, is attached per- 
pendicularly to a base board O in a horizontal 


1 


the year because the Earth’s orbit is 
elliptical. 

A sundial is a device that measures time 
according to the movement of the sun. 
The ancients used a sundial to tell the 
time of day. They drove a stick at an 
oblique angle into the ground and marked 
off lines on the ground at intervals, just 
where the stick cast a shadow. If these 
intervals were evenly spaced, the time 
they represented would not be evenly 
spaced—and, indeed, the “hours” of the 
ancients were of uneven length, and one 
hour would differ from another accord- 
ing to the season. 

For the purpose of experiment, all that 


Position. A lens with a focal length of 25 cm 
(about 10 in.) is set into a vertical post along- 
side the vertical board so that a line between 
the center of the lens and the middle of a 
metal strip attached to the vertical board is 


is needed is an instrument at shows 
when the sun is due sout -r north) 
from the point of observatio: sis would 
not be a complete sundial, -à sundial 
that shows true midday. © construct 
such an instrument, the c€ tials are 
some wood, a strip of meta! d a suit- 
able lens (as shown in Illust on 1), 
One of the wooden boar: set per- 
pendicularly to the other; » .rpenter’s 
square assures a perfect righ’ gle. The 
horizontal board may be set < window 
sill or any similar support, « — is stabil- 
ized by three “feet” on the lov r surface, 
of equal length—pieces of hay | :ubber, or 
screws of equal length insert: from the 


parallel in a vertical plane to a line between 
the two sights on the oblique edge of that 
board. The metal strip SM is in the form of 
an arc with a radius of 25 cm, with its center 
at the axis of rotation of the lens, so that the 
sun’s rays are always focused on the strip. 
The sun’s passage across its meridian will 
occur at the instant that the sun’s image is 
Precisely bisected by a line drawn along 
the center of the strip. 


surface. The vertical board must 
ie side evenly cut at an angle that 
sighted against the Pole Star. At 
r and lower ends of this side are 
tal sights, like those used on rifles 
12y be shaped with either shears 
and carefully mounted in align- 
th the plane of the board. Along- 
vertical board, also mounted per- 
arly to the horizontal board, is a 
f \ounted stick through which a 
{ lrilled; the handle of the lens is 
i into this hole. The purpose of 
ü lle is to rotate the lens so that 
th t from the sun will follow the 
p center of an arc of metal attached 
to ide of the vertical board. 
t metal arc must have a radius of 
ire of about 25 cm (about 10 in.), 
ar center of curvature must be op- 
I be lens held in the upright stick, 
s the beam from the sun will always 
fi n the strip—higher in the winter 
( he sun is lower in the sky), and 
! ) the summer. 
1s, which is secured in the holder 
( vated in the detail drawing) by 
a of heavy paper or wood, should 
be vglass lens of +4 diopters, that 
i 2 focal length of 25 cm (about 
l it can be made by any oculist 
u blank of about 15 mm. The lens 
m t be any larger, for a larger lens 
v oduce an image of the sun so 
b that accurate observation would 
bi icult. When the lens holder is in- 
serw in the upright stick, it should be 
tume:i so that the beam of light from the 
sun will pass through the center of the 
lens to the center of the metal strip on a 
line that is in a vertical plane exactly 
parallel to the plane of a straight line be- 
tween the two sights. 

It is also useful to make two holes in 
the horizontal wooden board so that the 
instrument can easily be realigned; thus 
it can be removed and replaced without 
the necessity of aligning it with the plane 
of the meridian each time. 


NOW MIDDAY IS OBSERVED 


In order to determine the instant of mid- 
day, the instrument must be set so that 


22°30 


THE TIME ZONE OF ITALY—This illustration 
shows an outline of Italy within its time zone 
a of 15°, beginning with longitude 7°30’ east 
of Greenwich (the longitude shown at the 
extreme left), with its center b at 15° east 
of Greenwich, and ending at 22°30’ east of 


Greenwich (the longitude shown at the ex- 
treme right). Although the longitude of 15° 
determines the time for all of Italy, it is obvious 
that the sun will reach its meridian later at the 
location in the west shown to be 5°30’ west 
of the central longitude. 


the vertical board is in the plane of the 
meridian; and in order to do this, a sight- 
ing must be taken at night, turning the 
instrument so that the Pole Star appears 
along the line of sight parallel to the side 
of the board that has been cut at an 
angle. The angle at which the board is 
cut depends entirely on the latitude of 
the place of observation, for the angular 
altitude of the Pole Star at meridian ap- 
proximately corresponds to the latitude 
of the point from which it is observed. 
However, inasmuch as the Pole Star is 
not precisely at the celestial pole, it is 
necessary to take a fix on the star at an 
interval of six hours (which is possible 
only in spring, autumn, and winter), and 
to adopt the average of the two fixes as 


the meridian. This method provides a 
more accurate determination than the use 
of a compass, which would require an 
up-to-date table giving the magnetic dec- 
lination of the time and place. 


THE MEASUREMENT OF TIME 


Once the instrument has thus been prop- 
erly oriented on a true north-south line, 
the next step is to wait for the sun to 
reach its highest elevation above the hori- 
zon, at which point it will be due south 
and the time will be midday. When this 
happens, its beam will pass through the 
lens and the sun’s image will be divided 
exactly in half by the line drawn along 
the middle of the metal strip. 
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THE EARTH'S ELLIPTICAL ORBIT—Because 
the Earth, as it rotates around its own axis, 
also revolves around the sun, the time interval 
between successive middays is not always the 
same. The time required for the Earth to make 
one complete rotation around its axis is known 
as a sidereal day. The time required to bring 


the same point of observation on Earth to face 
the sun in its meridian is known as the solar 
day, and is somewhat longer. The difference 
between the sidereal day and the solar day, 
however, varies throughout the year, because 
the Earth's orbit is elliptical, as shown. 


eS ee eee 


To determine the instant of time at 
which this happens, a clock is needed. 
Although it need not be a precision chro- 
nometer, it should have a stop second 
hand. The clock should be started at an 
hourly radio signal several hours before 
midday, and the time noted. When the 
sun crosses the meridian, the time shown 
on the watch should again be noted; and 
another record should be kept of the time 
shown by the watch at a later hourly 
radio signal. These observations will re- 
veal any inaccuracy in the clock and 
make it possible to determine the precise 
time at which the sun reached its merid- 
ian. However, for reasons yet to be ex- 
plained, this kind of observation can be 
made only on four specific days during 
the year. 


THE HOUR IS NOT ALWAYS 
WHAT IT SEEMS 


In many countries, for reasons of con- 
venience or economy, the official time is 
shifted—either during the summer or 
throughout the year—by one or two hours 
in advance of solar time. Thus, on that 
day during the summer when there are 
16 hours of daylight, where solar time 
continues in use, daylight begins at 4:00 
in the morning and ends at 8:00 at night, 
and the sun reaches its meridian at mid- 
day; but if the time has been advanced 
by an hour, daylight begins at 5:00 in the 
morning (according to the clock) and 
ends at 9:00 at night—thereby making it 
usable to more of the population, and the 
sun reaches its meridian at 1:00 o'clock 


in the afternoon (which is tr olar mid. 
day). This must be taken ) account 
when determining the time e merid- 
ian. 

Even more fundamental recogni- 
tion of the division of the \ into rec- 
ognized standard time zon general, 
the 360° of longitude (180 and 180° 
west of Greenwich) have divided 
into 24 (the number of hot he day), 
so that each hour is identifi h 15° of 
longitude. In other words ieridians 
are 15° apart; or each tin e is 15° 
wide. Although solar mic does not 
actually occur at the same i through- 
out a time zone, it is con it to as- 
sign to the entire zone tł > of the 
solar midday in the cente he zone, 
and to change an entire ho ien pass- 


ing from one zone to anot} 

Chicago, for example, is 
that extends from 82°30 t 
of Greenwich, with its cent 
of Greenwich. When the s 
meridian at the longitude 


me zone 
30’ west 
90° west 
aches its 
)0° west, 


therefore, it is noon, not « long that 


longitude, but everywhere > central 
time zone. Now, at a tow: ted 5°30 
west of the central longitu sun will 
reach its meridian somew! er—actu- 
ally, 21 minutes and 57 sec later. (If 
it takes the sun 1 hour to < 1e entire 
15 or 0.366 21 min- 

7 seconds to cross 54% Jeverthe- 

less, according to the clock ı had al- 


ready arrived at this toy most 22 


minutes before the solar n y 


THE EARTH’S 
ELLIPTICAL ORBIT 

The Earth revolves around the sun, not 
in a circle, but in an elliptical orbit. When 
it is closest to the sun—at perihelion—it 
moves with greater speed than when it 
is farthest from the sun—at aphelion. 
Therefore, the actual time interval be- 
tween two successive middays depends 
not only on the time needed for the 
Earth’s rotation on its axis, but also to 
some extent on the time consumed in its 
arc in orbit around the sun; and this is 4 
variable time. In other words, from & 
point of observation on Earth, the sun 
returns to its meridian only after the 
Earth has made slightly more than one 
complete rotation; the extent of this added 


\TION OF TIME—Combining the ef- 
sMlipticity of the Earth’s orbit (curve 
fect of the inclination of the plane 
c to that of the equatorial equator 
(cur t is possible to determine the amount 
by wt the revolution of the Earth around the 


sun is out of phase with the rotation of the 
Earth on its axis, independently of its position 
with respect to the sun. The resulting advances 
or delays, called the equation of time, are rep- 
resented by curve c. 


whether the Earth is at perihelion or 
aphelion. 

Moreover, even if the Earth revolved 
around the sun in a circular orbit at uni- 
form speed, the sun would not reach its 
meridian at the same hour every day, be- 
cause it is viewed from different—some- 
times opposite—points of the Earth’s or- 
bit. Therefore, the sun appears to move 
among the stars; the line of this apparent 
motion is called the ecliptic, and is in- 
clined to the celestial equator as the 
Earth’s axis is inclined to its orbit. As a 


result, even if the sun followed its course 
along the ecliptic with uniform speed in 
all seasons, its motion as projected on the 
celestial equator would be variable. From 
December to January, for example, the 
motion of the sun on the ecliptic is equal 
to its motion on the equator, whereas in 
March it follows a shorter arc on the 
ecliptic than on the equator (see Illus- 
tration 4). 

The combined effect of the ellipticity 
of the Earth’s orbit (curve a in Illustra- 
tion 5) and of the inclination of the eclip- 
tic to the celestial equator (curve b) is 


PROJECTION OF THE ECLIPTIC ON THE 
CELESTIAL EQUATOR—The celestial equator 
is an imaginary extension into space of the 
Earth’s equator, and is the path followed by 
the sun (as viewed from Earth) only on the 
dates of the vernal and autumnal equinoxes; 
this path is represented by arc a. However, 
the great circle followed apparently in its 
annual course in the celestial sphere, as 
viewed from the Earth, is the ecliptic, which 
has the same plane as the Earth’s orbit (a 
difference resulting from the tilt of the Earth’s 
axis). The ecliptic is represented by arc b. 
The projections of the celestial equator and 
the ecliptic vary with the seasons. The length 
of the sun's path along the ecliptic from De- 
cember to January cd does coincide with its 
path along the celestial equator c’d’ during 
those months; but in March its path along the 
ecliptic ef is not the same length as that along 
the celestial equator e’f. 


to advance or delay the instant at which 
the sun crosses the meridian. This ad- 
vance or delay, called the equation of 
time (curve c), has different values at 
different times of the year. After compen- 
sations have been made for arbitrary 
changes in time (daylight saving or sum- 
mer time) and for the observer's position 
within the arbitrarily designated time 
zones, the instant of the sun’s passage 
over the meridian can be determined by 
adding to 12:00 o'clock the number of 
minutes indicated for the appropriate 
time of the year. Interestingly, the four 
days each year when the midday marked 
on the instrument will coincide with the 
midday given by the radio time signal 
are April 15, June 14, September 1, and 
December 24. 
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THE CALENDAR | 


THE TROPICAL YEAR—The tropical year is 
the year of the seasons, the amount of time 
the Earth takes to circle from one vernal 
equinox to the next. 

The seasons are caused by a tilt (of about 
23%2°) of the Earth's axis of rotation to the 
plane of the ecliptic. Because of precession 
the orientation of this tilt with respect to the 
fixed stars changes slowly with time. There- 
fore, the time required for the Earth to come 
back to the same season (a tropical year) is 
slightly different from the time taken for the 
Earth to come back to the same alignment 
of the Earth, sun and a star (a sidereal year). 
The length of the tropical year is 365 days, 
5 hours, 48 minutes, 46 seconds—approxi- 
mately 20 minutes shorter than the sidereal 
year. The ancient astronomers came very 
close to this figure when they arrived at a year 
of 365% days. In the tropical year, calendar 
dates always appear at the same season each 
year. 

Another type of year is the anomalistic year. 
It is measured as the period of time necessary 
for the Earth to orbit the sun from one peri- 
helion (the point in the orbit nearest the sun) 
to the next. This type of year is important only 
in the description of the movement of the 
Earth. It has no importance in the construction 
of the calendar. 


direction of precession 


the measurement of time 
in the evolution of civilization 


THE SIDEREAL YEAR—The 
unit of time that must be s 

to construct a calendar. On 
described types of year is 
which is measured as follov 
the sun are aligned with 

sidereal year is the time req 
to make one complete rev 
sun and return to exactly tt 
with the star. The length o; 
is 365 days, 6 hours, 9 min 


s the basic 
ed in order 

commonly 
fereal year, 
> Earth and 
! star. The 
y the Earth 


dereal year 
1.5 seconds) 


T truction of a calendar is one 
€ necessities of civilization, and 
x e more intricate problems in 


ndars divide time into days. 
| ue then grouped into fractions 


RM OF THE ROMAN CALENDAR— 
nt Roman calendar (Illustration 5b) 
) 753 B.C. Originally a lunar calen- 
yan in the spring and had 10 months. 
y, two more months were added, and 
became a luni-solar one, with an 
occasior hirteenth month added to keep in 
step with the seasons. 

Julius Caesar (Illustration 5a) inaugurated 
a significant calendar reform, following the 
advice of the Alexandrian astronomer Sosi- 
genes. The year 46 B.C. was made 445 days 
long—an addition of three months to correct 
the lag behind the sun created by the previous 
calendar. 

Caesar adopted a solar calendar, with a 
year of 365% days—a figure determined by the 
ancient Egyptians. The year was divided into 
12 months of unequal length, and an extra day 
was added to the month of February every 
fourth year (leap year). The vernal equinox 
was brought to March 25. 


of a year—the weeks and months. Pre- 
cise definitions of a day or a year vary, 
but certain criteria must be followed for 
practical reasons. One is that in a given 
region, the seasons always appear at the 
same time. If this were not so, the seasons 


LUNAR CALENDARS—The simplest and ear- 
liest of all types of calendars is the lunar 
calendar. Each month began with a “new 
moon,” and important dates and events were 
linked to the movement and phases of the 
moon. A fixed lunar calendar has 12 months, 
alternating 29 and 30 days, and covers a year 
of 354 days. Illustration 3 shows the moon in 
one of its phases, roughly the third quarter, 
as the month wanes. 


A LUNAR CALENDAR—The prime modern 
example of a lunar calendar is the Moslem 
calendar. Since its year is shorter than the 
tropical year, the beginning of the year can 
fall in any season. With this type of system, 
one year is gained for every 33 tropical years. 


would be displaced with respect to any 
given date, with spring arriving in the 
middle of August, for example. 

The various types of calendars, their 
applications, and their histories make an 
interesting study. 


A 


3 
if 

f 
b 
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18 


the 


length of the tropical year is approximately 11 


A CALENDAR FOR SCIENTIFIC USE—A great 
many stars are visible in this region of the 
sky. A large percentage of them are stars 
whose brightness varies over long periods 
that have remained constant since they were 
first observed. 

In determining the exact period of a varia- 
ble star, the Gregorian calendar is an awk- 
ward yardstick; for example, leap years must 
be taken into account. To avoid much in- 
convenience, scientists use a system of calcu- 
lation beginning with a hypothetical year zero 
of a fictitious era, called the Julian era, which 
starts on January 1, 4713 B.C. From this point 
on, dates are counted in days, beginning at 
midday. This system is used so that all of the 
events an astronomer observes in one night 
are listed under the same date. Using this 
type of calculation, January 9, 1925, corre- 
sponds to the Julian day 2,424,170. All astro- 
nomical events are dated within this system. 


minutes and 14 seconds less than the value 
used by Caesar, the accumulated error in the 


Julian Calendar amounts t 
128 years. By the year 325 A 
the meeting of the Coun 
vernal equinox had fallen ba 

By 1582, when Pope Gre 
tion 6a) was in power, the v 
receded to March 11. With 
Jesuit astronomer Christop 
Gregory worked out anothe 
In March, 1582, he abolist 
endar, (Illustration 6b) and 
uary 1 as the beginning of 
decreed that Friday, Octobe 
follow Thursday, October 4 
dropped 10 days from the 
the vernal equinox back to 
following years. He also e 
of leap years designed to 
more in step with the tropic 
occur in every year divisit 
for the century years, whic! 
by 400. The years 1700, 1 
example were not leap ye 
2000 will be. 

The Gregorian calendar 
error of only one day in mo 
It is used in almost all of t 
tries of the world 


J 


day every 
at the time of 
Nicea, the 
March 21, 
XIII (Illustrat 
equinox had 
help of the 
lavius, Pope 
ndar reform 
Julian calf 
lished Jane 
aw year. He 
1582, should 
This action 
and brought 
) 21 for thé 
ed a system 
the calendal 
Leap years 
four, except 
be divisible 
id 1900, for: 
ut the yeaf 


mulates af) 
3,000 years 
ristian count 


these calendars were often based on phases 
not often take the year into account; instead, of the moon. 


A PRIMITIVE CALENDAR—This old Sioux day. The calendars of primitive peoples did 


calendar uses a different symbol for each 


20 


SECTION IV 
SECTION | Year within the century SECTION II 
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A PERPETUAL CALENDAR—Perpetual calen- 
dars run into difficulty because the year can- 
not be divided into 52 complete weeks, and 
because of the arrangement of leap years. 

This perpetual calendar (Illustration 9) is 
valid for the Julian as well as Gregorian cal- 
endar. Although it is limited here to the years 
5000 B.C. to A.D. 5000, it can be extended 
into infinity by continuing the progression of 
the letters UNIVERS—one for each century 
after A.D. 5000 or before 5000 B.C. 

With this calendar, it is possible to deter- 
mine the day of the week corresponding to a 


certain date. To find on what day January 22, 
1286, A.D. occurred: (1) Look in Section | and 
find the letter corresponding to the cen- 
tury—in this case the thirteenth century A.D. 
The letter is found in the second column, and 
is an R. The Julian calendar was in use at the 
time. (2) In Section Il, find the year within 
the century—in this case 86. (Bold type indi- 
cates leap years.) Follow across the columns 
until the number under RA is reached. The 
number is 6. (3) In Section III, take the num- 
ber corresponding to the month—in this case 
2 for January, and add it to the number from 


Section Il: 2+ 6= 8. (If the date occuls 
during January or February of a leap wa 
decrease this number by one.) (4) To this 
number, add the date being used—in this cas? 
January 22: 8 + 22 = 30. The day of h 
week corresponding to this number is foun 
in Section IV. January 22, 1286, occurred OM 
a Tuesday. A j- 

Dates after 1582, when the Gregorian Fe 
endar was put in effect, are figured in th 
same way, but using the third column © 
letters in Section 1. 
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It ] that the sixteenth-century Pol- 
conomer Nicholas Copernicus, as 

his deathbed, lamented the fact 

iever had seen the planet Mer- 

; possible that Copernicus, de- 
long study of the sun and its 


planets, may not have been 
gh to sight Mercury. Blot- 
sight most of the time by the 


eno’ 


Mercury is the most elusive 
planets. 
st ancient recorded observa- 
sreury date back to 246 s.c. It 
observed and studied by the 
Romans, and Greeks centuries 
elopment of the telescope. Be- 
rbit is much closer to the sun 
the Earth, Mercury is visible 
€ ı short time, at dusk or dawn. 
sk and dawn sighting periods 
l t stargazers to believe that two 
lanets rode the heavens close 


IG MERCURY 


n be seen with the naked eye 

the sun is just below the hori- 

sun is already low beneath 

t m, Mercury likewise is very 
l often obscured by mist and 
the other hand, when the set- 
iot far enough below the hori- 

f in the early moming, the sun 
risen too high—its overpower- 


ir t masks the comparatively weak 
r ı from Mercury. Thus, sighting 
N vends on being in the right 
pl the right time, and on favorable 


ric conditions. 

it is not hidden by the sun’s 
-and when its orbit takes it 
farthest from the sun—Mercury shines 


brilliance 


like a star with a magnitude of —1.2, a 
luminosity equal to that of Sirius. During 
these brief periods of ideal dusk and 
dawn observation, Mercury appears as 
the ev ening or morning star, frequently 
radiating a starlike twinkling because of 
its small size and its low altitude on the 


horizon. 
AN EXCEPTIONAL PLANET 


In many ways Mercury is an exceptional 
planet. It is the smallest of the smaller 
planets; its 3,000-mile diameter is not 
much larger than that of the Earth’s 


i ERCURY | the sun's “moon” 


moon. Indeed, its small size and faint 
markings, as described by the American 
astronomer Edward Emerson Barnard, 
who was astronomer of Yerkes Observa- 
tory at the University of Chicago ( 1895- 
1923), give Mercury a resemblance to the 
moon. It is the closest planet to the sun; 
it has the smallest mass and the highest 
density of all the planets. With the excep- 
tion of Pluto, its orbit is the most ellipti- 
cal (eccentricity = 0.2) of all the planets, 
and the most highly inclined (7°) to the 
median plane of the orbits of the other 
planets. 


MERCURY’S ELLIPTICAL ORBIT 


Mercury's orbit has an elliptical shape 
that brings it as close as 28 million miles 
to the sun, and swings it as far away as 
43 million miles 
Earth and Mercury orbit the sun in the 


However, because the 


same direction, Mercury appears to move 
closer to the sun every 116 days. 

To observe Mercury intelligently, it is 
essential to know the peculiarities of its 
orbit. Twice during the Earth year—in 
the spring as an “evening star” and in 


the autumn as a “morning star’—Mer- 


AN EXCEPTIONAL ORBIT—Of all planetary 
orbits, Mercury's is one of the most unusual 
because of its eccentricity and inclination with 
respect to the median plane of other planetary 
orbits. In terms of visibility, Mercury's orbit, 
at the time of maximum elongation, causes the 


planet to be visible either farthest from or 
nearest to the sun, according to the relative 
positions of the sun, Mercury, and the Earth. 
The angle of maximum elongation varies from 
18° to 28°. 
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APPARENT DIMENSIONS OF MERCURY— 
Depending on its orbital position, Mercury ap- 
pears smaller or larger to the observer on the 
Earth. In the illustration, the relative dimen- 
sions of the planet are reproduced at different 
points in its orbit, represented on a scale of 
2 mm (one second of arc). At its minimum 


distance from the Earth (position 1), Mercury 
has an apparent diameter of 13 seconds; its 
disk appears almost totally dark. At the max- 
imum distance (position 5), its diameter is 5 
seconds; at the maximum elongation (posi- 
tion 3), its diameter is 8 seconds. This is the 
best orbital position for observation. 


cury’s position is most favorable for ob- 
servation. Actually, however, there are 
six periods in the Earth year when Mer- 
cury is aligned properly for viewing at 
the inner precincts of the solar system. 
These periods occur when Mercury 
seems, from observation points on Earth, 
to be at the easternmost or westernmost 
orbits away from the sun. These periods 
are known as greatest eastern elongation, 
when Mercury appears as an “evening 
star,” and greatest western elongation, 
when it is a “moming star.” The time 
taken for Mercury to return to the same 
elongation is its synodic month (about 
116 days). The elongations are thus 
spaced about two months apart, and each 
lasts for about two weeks. During these 
periods, Mercury is visible for about an 
hour at a time. 

The best time for observing Mercury's 
surface with a telescope occurs when the 
planet is on the far side of the sun, at 
which time it presents a brightly illumi- 
nated hemisphere to Earth viewers, Un- 
fortunately, however, at this time Mer- 
cury is on the side of the sun farthest 
from the Earth, and thus appears very 
small because of its distance. At this 
position, it appears as a small disk with a 
diameter only 1/360 that of the moon. 

Mercury is best observed during peri- 
ods of maximum elongation. However, 
maximum elongation is not necessarily 
always enough to ensure good viewing. 


Imagine, for example, that Mercury's 
maximum elongation occurs during the 
autumnal equinox and that, at this time, 
the planet is in its “eastem” phase, or 
visible in the evening sky to the left of 
the sun, At such a time, the planet is low 
on the horizon, even though it is distant 
from the sun. Under such conditions, the 
viewing of Mercury is difficult because 
it must be sighted along the line of the 
ecliptic, which, at sunset during autumn, 
is below the celestial equator. 

On the other hand, if the autumnal 
elongation is in the “western” phase, with 
the planet visible in the dawn’s light, an 
observer finds Mercury high on the eclip- 
tic, even if its distance from the sun is 
less, as the ecliptic is strongly inclined 
in relation to the horizon. 

These situations can be accentuated 
by the fact that Mercury's orbit is in- 
clined approximately 7° with respect to 
the ecliptic. Thus, whenever observa- 
tional conditions are particularly favor- 
able, Mercury appears clearly visible 
high on the horizon. These periods occur 
about every third synodic period for a 
given eastern or western elongation, or 
every 348 days. 


PHYSICAL CHARACTERISTICS 
OF MERCURY 


The mass of a small planet is not easy to 
determine. Generally, a reliable method 


is to observe the perturbations the plang 
causes in the motion of other celestial 


bodies that pass near it. Mercury has no 
satellites, however, so when comets or 
asteroids pass close, astronomers follow 
their movements closely to determine an 
accurate value for Merci mass. Cur. 
rent astronomical calcul; s, based on 
a close pass of the mir lanet Eros, 
place Mercury’s mass at 054, and its 
density at 5.61 times ! of water- 
slightly higher than the < -nsity of the 
Earth. 

Because Mercury’s m s small, as. 
tronomically speaking acceleration 


weak, 382 
as against 
>c?) on the 


of gravity on its surfac 
cm/sec? (about 13 ft/ 
980 cm/sec? (about 32 
Earth. 

If molecules of any g 
on Mercury’s surface, the 
easily because of the lov 
4.3 km/sec or 2.67 mi/s 


ere present 
ould escape 
city (about 
vecessary to 


overcome the force of gr ity. Further 
more, because Mercury i close to the 
sun, the great heat ger d by solar 


radiation would exert 
tures on the gas and res) 


e tempera 
an increase 


in velocity strong enou o force the 
molecules off the plan \s a result, 
Mercury probably has li r no atmo- 
sphere. Hydrogen ator e been de- 
tected spectroscopically « fercury, im- 
plying a very thin atmo re, but the 
quantity of gas must be mall as not 
to constitute an atmosp! n the ordi- 
nary sense. 

THE SURFACE OF Mi URY 


Because of Mercury's extremely small 
size and its distance from the Earth, it 
is extremely difficult to observe details of 
the planet’s surface. Observed in twilight, 
Mercury’s surface details are invisible 
because of the great thickness of the 
Earth’s atmosphere through which the 
planet’s reflected light must travel. Be- 
cause of this, astronomers prefer to ob- 
serve Mercury by day, when, in spite of 
the light of the sun, the planet's tele 
scopic image appears more clearly than 
by evening light. 

Details of Mercury's surface were first 
observed in the early nineteenth century: 
The first precise observations from which 
a map of the planet was drawn welé 
made by the Italian astronomer, Gio 
vanni Schiaparelli, near the end of the 
last century. Schiaparelli’s map, pinpoint 
ing faint permanent markings on the 
planet, has not been substantially modi- 
fied by subsequent observations. The 
hazy, indistinct patches that can be see? 
only with difficulty on Mercury's surface 
cannot be interpreted with certainty- It 


is not known whether they are mountains, 
depressions, or simply zones where the 
reflecting power of the planet’s surface 
from that of surrounding areas. 


OTATION OF MERCURY 


D of the faint surface markings 
or y led early twentieth-century 
a rs to conclude that Mercury ro- 
ta the same period as its revolu- 
t t the sun (synchronous rota- 
ti keeping one face perpetually 
t ie sun. The result, of course, 
w i very hot surface on the sunlit 
si lations showed that the sunlit 
fi id reach temperatures hot 
e nelt lead while the dark side 
W temperatures far below zero. 

w persisted until 1965, when 
ra vations of Mercury made with 
tl ot radio telescope at Arecibo 
Io ic Observatory in Puerto Rico 
sh rotation period of about 59 
da r than the expected 88 days. 
(TI ique of determining the ro- 
t ı planet by radar is accurate 
bu vat time-consuming.) It was 
q inted out by theoretical astron- 

ı rotation period of exactly two 
tl e orbital period would be ex- 
p Mercury. The explanation lies 
in that Mercury’s orbit is rather 
€ nd a rotation period that al- 
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lows the same face of Mercury to face 
the sun at each alternate perihelion pas- 
sage would be more stable than other 
possible periods; that is, the rotation and 
orbital periods would be “locked-in” to 
one another and would maintain the 2/3 
ratio. 

The 59-day period is the sidereal rota- 
tion period or the period as seen by an 
observer fixed in space. An observer on 
Mercury, however, would see the sun rise 
each 180 Earth days (since 1/59 — 1/88 
= 1/180). This 180-day period is called 
the Mercurian solar day. 

The radar rotation period contradicted 
the visual observations of Mercury, which 
had shown a synchronous rotation period. 
The explanation of this. discrepancy il- 
lustrates the need for occasional en- 
lightened skepticism in science. The 
surface markings on Mercury are indeed 
faint and require a trained observer for 
effective study. Their existence is indis- 
putable, however, since drawings made 
independently by different observers 
agree reasonably well. Still, it is easy to 
see in retrospect how even correct draw- 
ings gave the wrong rotation period. 

As previously mentioned, favorable 
conditions for observing Mercury occur 
at intervals of three synodic periods for a 
given eastern or western elongation. It so 
happens that three synodic periods 
(about 348 days) is very nearly two Mer- 
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curian solar days, so that at each favor- 
able eastern elongation the same face of 
Mercury is illuminated. The same is true 
of westem elongation, except that the 
opposite face is illuminated. If the viewer 
always observes the same face of Mer- 
cury at eastern elongation and the oppo- 
site face at western elongation, the nat- 
ural conclusion is that Mercury rotates 
with the same period as its orbital mo- 
tion. It is sheer coincidence that favor- 
able elongations are spaced so that ob- 
servers miss those occasions when dif- 
ferent faces are presented. Since the pe- 
riodicity persists for a half dozen years, 
it is not surprising that maps based on 
only a few years’ observations were in- 
terpreted as proof of synchronous rota- 
tion. The 59-day period was verified by 
calculating the interaction of gravity 
forces and tidal effects on the planet. 


SIXTY YEARS OF OBSERVATION — These 
maps of Mercury show the progress of sixty 
years of telescopic observation. The maps rep- 
resent a synthesis of the years of observation, 
and are respectively by Schiaparelli, 1899 (3a); 
Antoniadi, 1934 (3b); Rudeaux, 1928 (3c); 
Jarry Desloges, 1920 (3d); McEwen, 1936 (3e); 
and Dollfus, 1953 (3f). The first four drawings 
are similar; the last two different. This dis- 
crepancy may be attributed to the observation 
of different faces of Mercury. In these draw- 
ings, contrast has been greatly exaggerated. 
The three drawings in the right-hand column, 
made by Dollfus, are a synthesis of observa- 
tions made with photographs. 
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VENUS | the Earth’s twin 


The brightest “star” in the night sky is 
not a star at all; it is the planet Venus, 
often called the Earth’s twin. Venus 
sometimes shines with a magnitude of 
—4.3, fifteen times the brightness of the 
brightest star, Sirius. The light from 
Venus is so bright that human eyes well 
accustomed to darkness away from the 
lights of a town can see the shadows it 
casts. With proper exposure it is possible 
to take photographs with the light from 
Venus. The bright planet is visible in the 
night sky for only a short time after sun- 


set and for only a brief period before 
sunrise, a characteristic which led the 
ancient Greeks to conclude that Venus 
was two different heavenly bodies. They 
called it the planet Phosphorus in the 
morning and Hesperus in the evening. 
The ancient Romans named this very 
bright object Venus, after the goddess 
of beauty. 


THE ORBIT OF VENUS 


Venus is one of two planets whose orbit 


is nearer the sun than 
Earth. The orbit of M 
the sun, and there ar 
similarity between Mi 
as they appear in the 
near the sun, either tot 
east, although Venus is 
the sun than is Mercur 
orbit Venus maintain 
distance from the sun 
orbital radius of 108 
67 million mi). No ot! 


planets move closer t 
apart according to wh 


orbit of the 


ury is neareg 


any points of 


y and Venų 
Both appear 
vest or to the 
distant from 
iroughout it 
əst the same 
h an average 
1 km (about 
net has such 
erage radiu 

million ky 
nd the twa 
r or farther 
Venus is on 


the same or opposite side of the sun as 
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verages, at minimum, 41 million 
bout 25.5 million mi). No other 


cel body except an occasional comet 
or < d (and the moon) comes nearer 
tl In its nearest position, the disk 
of \ seen from the Earth appears 
ver subtending about 65” (sec- 


or `), or about one-thirtieth the 
di f the moon. 
enus and the Earth are on 


des of the sun, the distance 


€ 
I} > two planets is almost twice 
the e between the Earth and the 
su yparent diameter of Venus as 
s€ he Earth is 10”, much more 
th of Mercury in the same posi- 
tic times less than when it is at 
m stance from the Earth. Venus 
cor ts orbit in 225 days, slightly 
les wo-thirds the time taken by 
the to circle the sun. However, 
Ven { the Earth are in the same 
rel itions with respect to the sun 
on Venus has caught up with the 
I ich occurs about every 584 


d hen Venus appears brilliant 
, high above the horizon, 
again in the same way a 


yt en months later. The inclina- 
tio orbit of Venus with respect 
to tic is only 3°25’. Because of 
this iclination the planet is never 
sect or setting much below the 
ec 

PH L PROPERTIES 


The eter of Venus is 12,200 km 
(ab 30 mi), only slightly less than 


that ìe Earth. This similarity in size 
is on ison why Venus and Earth are 
called twin planets. Taking the mass of 
the Earth as 1, that of Venus is .8073. 


OBSERVATION BY TELESCOPE 


Because of the large apparent diameter 
of Venus, relatively small telescopes will 
reveal that it shows phases similar to 
those of the moon and of Mercury. Gali- 
leo was first to note the phases of Venus. 


THE PHASES AND ORBIT OF VENUS—The 
six illustrations at the top show the different 
phases of Venus through a telescope em- 
Ploying the same magnification for each ob- 
servation. When Venus is at minimum distance 
from Earth, the dark hemisphere is turned 
toward Earth. The orbit of Venus, marked with 
the symbol 2, is almost perfectly circular and 
smaller than that of the Earth (designated 6), 
but larger than that of Mercury (designated 
%). The distance between Earth and Venus 
varies according to the positions of Venus 
(designated from 1 to 6 on the orbital path). 


A MISLEADING APPEARANCE—The first time 
Galileo saw Venus through a telescope, he 
was impressed by its strong resemblance to 
the moon, as seen in this photograph showing 


Venus close to its minimum distance from 
Earth. The surface of Venus appears almost 
completely uniform, although the points of the 
crescent are not quite alike. 


Through his telescope, the planet did not 
appear perfectly round, but crescent- 
shaped. The Ptolemaic theory of the dis- 
position of celestial bodies conceded that 
Venus had phases, but only those in the 
shape of a narrow crescent. However, 
Galileo early in the seventeenth century 
observed an intermediate phase of Venus 
between half and full disk, an observa- 
tion that provided the basis of argument 
for the Copernican theory. 

An observer seeing Venus through a 
telescope is struck first by the dazzling 
light of the planet. Because Venus is 
nearer the sun than the Earth, it receives 
double the amount of light received by 
the Earth. The surface of Venus is so re- 
flective that 59 percent of the light that 
reaches the planet is reflected back into 
space. Mercury and the moon have much 
less ability to reflect. Only 7 percent of 
the light reaching Mercury is reflected. 
Such a large difference between the re- 
flecting powers of Venus and Mercury is 
attributed to the presence on Venus of 
an atmosphere always covered by clouds, 
which reflect light much more effectively 
than does any rock surface. 

Details of Venus are difficult to ob- 
serve. A small telescope reveals that the 
two horns of the crescent are not shaped 
equally. A more powerful instrument 
will show faint dark areas that appear 
from time to time on the surface of the 


cloud mantle which covers Venus. These 
areas change rapidly in appearance and 
generally are visible for only a short time. 
It is possible to make quite good pho- 
tographs of Venus. Photographs taken 
with ultraviolet light best show the dark 
areas of the planet. Such photographs are 
taken through a telescope on black-and- 
white film sensitive to ultraviolet light, 
using a filter that excludes all visible 
wavelengths and allows only ultraviolet 
light to pass through. When Venus is 
photographed with white light or infra- 
red light, the dark areas are barely visi- 
ble, pointing to the conclusion that the 
darker areas represent atmospheric phe- 
nomena and not surface markings. 


ATMOSPHERE 


Venus is covered by a thick atmosphere 
whose nature was largely unknown be- 
fore the flights of the Russian spacecraft 
Venera 4 and the American spacecraft 
Mariner 5. The two spacecraft were 
launched within two days of one another 
in June 1967. Mariner 5 passed within 
4,000 km (about 2,500 mi) of the surface 
of Venus and made indirect measure- 
ments of atmospheric conditions. Venera 
4 ejected a parachute-equipped capsule 
that telemetered data on the atmosphere 
as it floated to a soft landing on the night 
side of the planet. 
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OBSERVATIONS—These recent photographs 
show the contrast of the patches visible on 


\ 
j 


Venus as much exaggerated. The positions in 
which Venus was observed correspond to 


those of the six illustr t the top ol 


Illustration 1 


From microwave observations of Ve- 
nus, the temperature of the planet had 
been thought to be very high—about 
700° K (about 801° F). However, sci- 
entists were not sure whether the micro- 
waves were originating from the surface 
or from high in the atmosphere. The 
Venera 4 data showed that the surface 
temperature on the night side of the 
planet was indeed very high—about 
550° K (about 351° F). The temperature 
is expected to be about 100° K hotter on 
the day side. The Mariner 5 measure- 
ments gave a surface temperature of 
700° K (about 801° F), The discrepancy 
could be explained if Venera’ 4 landed in 
a region where the elevation is 20 km 
(about 12.4 mi) higher than average. 

The atmospheric pressure at the sur- 
face of Venus is very high compared to 
that of the Earth’s atmosphere, but the 
exact value is in doubt because Venera 
4 and Mariner 5 gave very different re- 
sults. The Venera 4 data indicate a sur- 
face pressure about 18 times the Earth's 
atmospheric pressure at sea level, while 
the Mariner 5 data indicate 65 atmo- 
spheres. Again, the discrepancy might 
be explained if Venera 4 landed on a 
very high mountain or plateau, or if 
radio transmission from Venera 4 ceased 
before the capsule actually reached the 
surface. 

The Venusian atmosphere was found 
to consist of 90 percent carbon dioxide. 


The remainder is probably mostly nitro- 
gen along with about 1 percent oxygen 
An attempt was made to detect the p 


ence of water vapor, because water has 
an important bearing on the nature of 
the Venusian clouds and on the possible 
existence of life on Venus. Water was de- 
tected by Venera 4, and a combination 
of the data from Venera 4 and Mariner 5 
indicate that about 0.1 percent of the 
atmosphere is water vapor. 

Because of the very high temperature 
at the surface, all the water present on 
Venus must be vaporized. Even when the 
fact that Venus’s atmosphere is much 
more dense than the Earth's is taken into 
account, indications are that-Venus is a 
very dry planet, having only about 
1/10,000 the water present on the Earth’s 
surface. This is probably not enough 
water to explain the clouds of Venus as 
water vapor clouds, and the exact nature 
of the clouds remains uncertain. 

One of the most intriguing questions 
raised by these observations is why the 
Venusian atmosphere is so different from 
the Earth’s. Both planets have practically 
the same mass and size and their dis- 
tances from the sun are similar. Yet one 
planet evolved an atmosphere with an 
abundance of oxygen and water neces- 
sary to life, while the other has an at- 
mosphere consisting largely of carbon 
dioxide with very little water. It seems 
probable that’the original atmospheres of 


xeir interiors 
out 4 billion 
e way that 
mally issue 
uming that 
ormed from 
early in the 
it is logical 
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the two planets came 
soon after their format 
years ago, in much 
volcanic gases still 
from fissures on Eart 
Venus and the Earth 
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history of the solar sy 


to assume that they s : 
similar gases to produ ir respective 
atmospheres. 

It is undoubtedly si 
amount of carbon dioxi ncorporate 
within carbonate rocks Earth (such 
as the beds laid down by 
total amount 


int that the 


limestone 
oceans ) is very close to the y 
of carbon dioxide found in the Venusian 
atmosphere. Since carbonate rocks nee 
water to form (either by way of marine 

v- 


organisms or chemical reactions invo. 
ing water), the low concentration 0 
carbon dioxide in the Earth’s atmospheré 
may be due to the presence of oceans, 
to the rise of life itself in these oceans 
Although this may explain the difference 
in carbon dioxide concentration on the 
two planets, the puzzle of the very dit 
ferent amounts of water still remat q 

The rotational period of Venus is 2” 
days—the longest in the solar system. The 
direction of rotation is retrograde, opp% 
site to the directions of rotation of all the 
other planets and also opposite to the 
direction of revolution of all planets mw 
cluding Venus, about the sun. 


THE MOTION 
OF THE EARTH | “yer 


Although the hypothesis that the Earth 
itself was a moving body in space had 
been introduced during the Greek-Alex- 
andrian epoch, this heliocentric hypothe- 
sis fell into oblivion through the influence 
of Ptolemy’s great book, the Almagest, 
wherein he illustrated the geocentric hy- 
pothesis of the disposition of celestial 
bodies. The heliocentric hypothesis was 
not revived until the Renaissance, by 
Copernicus, and even then met lively op- 
position. 

The root of all argument on the rota- 
tion or immobility of the Earth in space 
is the fundamental fact that different ob- 


servers can judge a motion in different 
ways. The movement of a body can be 
easily perceived by an observer external 
to the body itself, while an observer par- 
ticipating in the motion of that body will 
think of it as still. For men, who are part 
of the Earth’s motion, experiments far 
more refined than those available to the 
ancients are required to prove that their 
platform is itself moving in space. 

The changing positions of celestial 
bodies observed in the sky—whether ob- 
served in the course of one night, or 
through different nights of the year—can 
be equally well explained by a heliocentric 
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Fe s of years, men observed the 
sk Earth were immobile in the 
mic mament that rotated about 
th lid not know the shape of 
th t some thought it was a 
flat iers visualized it as spherical 
or y saw the sky as a sphere 
abc the more acute observers 
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REVOLUTION AROUND THE 
ion of the Earth most evident to 
server is its rotation. The alter- 


natic and night is the obvious result 
of n. From an astronomical point of 
vie the most important movement 
of t is its revolution around the sun. 
Obs: f this movement requires atten- 
tior anging pattern of the night sky 
on jhts of the year. From this, it can 
be the stars are continuously chang- 
ing itions because the visible zone 
fron eral point on the Earth's surface 
depe! the hour and date of the year and, 
ther on the Earth’s position in its orbit 
arour sun 

The jit of the Earth is not perfectly circu- 


liptical. The ellipse is quite close to 
with a small eccentricity equal to 
The major semiaxis of this orbit is 
a unit measure of astronomical dis- 
astronomical unit, or AU 

The mean distance of the Earth from the sun 
is about 149.4 million km (about 92.9 million 
miles). The Earth covers its orbit at a speed of 
about 29.79 km/sec (about 18.52 mi/sec) in a 
counterclockwise direction as observed from 
the north pole of the orbital plane. This direc- 
tion of rotation is referred to in astronomy as 
direct; the opposite direction is retrograde. The 
time required for the Earth to make one com- 
plete revolution around the sun, so that the 
Earth, sun, and one star return to the same 
alignment (a sidereal year) is measured in 
mean solar days and results in 365.2564 of 
these units. 
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(Copernican) hypothesis or a geocentric 
(Ptolemaic) hypothesis. To select the 
Copemican hypothesis it is necessary to 
make some refined observations. Some of 
the complications of the Earth’s motions 
that are reflected in the apparent motions 
of other celestial bodies cannot be ex- 
plained by the Ptolemaic hypothesis, 
while the Copemican hypothesis allows 
a simple explanation. 

Such improvements in observation 
contributed to the evolution of the Ptole- 
maic idea toward that of the Copernican. 


THE YEARLY ABERRATION — The revolution 
of the Earth in its orbit around the sun can be 
observed directly by telescope, taking advan- 
tage of the fact that the velocity of the Earth 
is not negligible when compared with the 
speed of light. The speed of the Earth in its 
orbit is about 29.79 km/sec; that of light is 
about 300,000 km/sec (about 186,000 mi/sec). 
Expressed differently, the speed of the Earth 
is 1/10,000 that of light. 

It is a common experience to observe that 
drops of rain falling vertically appear from a 
moving vehicle to be falling at an angle. This 
apparent angle of the rain increases as the 
speed of the vehicle increases, as shown in 
Illustration 2a. 

A terrestrial observer can note the same 
phenomenon in light coming from the stars if 
they are observed in a direction perpendicular 
to the plane of the Earth’s orbit. Illustration 2b 
demonstrates that from the Earth, which moves 


Initially, Copernicus’ reintroduction of 
the heliocentric hypothesis—in opposition 
to the hypothesis of Ptolemy—had been 
suggested by the fact that the heliocen- 
tric positions of planets allowed a geo- 
metric description of their motion—a de- 
scription much simpler than that possible 
under the Ptolemaic system. Following 
this line of thought, it was possible to re- 
fine knowledge of the motions of the 
planets—particularly that of the Earth’s 
motion—so that it became increasingly 
difficult to support objections to the heli- 


at velocity v in its orbit, the light falling per- 
pendicularly to the plane of the orbit in direc- 
tion ¢ will be seen as inclined. 

As further demonstration, Illustration 2c 
shows the Earth's trajectory as t, the Earth’s 
velocity in its orbit as v, and the Starlight as a 
dotted line. The first vertical dotted line in- 
dicates the direction from which the light of a 
star comes. If the Earth were perfectly still, a 
telescope would have to be trained precisely 
along the line of the ray of light in order to 
observe the star. Instead, the Earth actually 
moves at velocity v and the telescope must be 
kept inclined in order to see the Star, for the 
telescope is also moving at velocity v and must 
be inclined as it moves to the right in order 
that the whole length of the ray of light can 
descend the tube. The angle at which the 
telescope must be inclined is called the angle 
of yearly aberration of light for the Pole of the 
ecliptic. 
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From this example, it is apparent that niati 
coming from a direction r than pena 
dicular to the plane of the Earth's orbit vo 
result in a different value. The value of an angh 
at which the telescope must be inclined is a 
Pressed by this relationship: tan a= “a 
where v represents the orbital velocity of 
Earth and c is the velocity of light F thE 

When the Earth is on the opposite side 0! af 
orbit the aberration changes direction. In oy 
ity, the star is seen to describe a small W 
on the celestial vault, with a diameter of oom 
41” (seconds of arc). This small circle a 
comes an ever-narrowing ellipse, finally i 
ducing itself to an arc as the observation e 
on the Earth's surface is moved from the e 
of the ecliptic to the equator. In the most fav 
able case, therefore, a = 20.5”. k 

The yearly aberration must be cons! 
the best confirmation of the Earth’s Or 
Movement obtainable from its surface. 
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THE ROTATION—The Earth's rotation 
on it the second most important move- 
men nsidered. The effect of this rota- 
tion ¢ rrestrial observer is to show ce- 
lestia sas if they were in motion. The 
photo s made by opening the lens of 
a carr ointed toward the horizon and let- 
ting i ain motionless as the Earth rotated. 
The apparent motion of the stars to the eye of 
an ob: is thus demonstrated. 

The th completes one full rotation in 23 
hours. minutes, and 4.09 seconds (the 
time gi or a sidereal rotation, or the time 
required for a selected star to return to. its 


initially observed position). There are various 
ways by which a full rotation of the Earth can 
be defined, as there are different ways to de- 
scribe a full revolution around the sun, but the 
sidereal day and sidereal year are adequate 
means for a description of the Earth’s move- 
ments. 

One characteristic of the Earth's rotation 
that must be considered in long-term calcula- 
tions is that its velocity diminishes progres- 
sively in time, although the rate of slowing is 
only a few seconds each century. The reason 
for this slowing down is the braking action of 
the tides caused by the attraction of the sun 
and moon. Although this braking action dimin- 
ishes as the velocity of rotation diminishes, 
there is nevertheless a notable slowing down 
of the Earth’s rotation over an astronomically 
long period. 


The refinement of astronomical obser- 
vation by the telescope made clear the 
first phenomenon that constitutes direct 
proof of the movement of the Earth 
around the sun, rather than the sun 
around the Earth. This was the phenom- 
enon of the aberration of light. The pres- 
ence of this phenomenon is tangible proof 
of the Earth’s motion in its orbit—and, 
therefore, of the validity of the heliocen- 
tric hypothesis. It is now known that an 
analogous observation could have been 
made even sooner by noting the charac- 
teristics of the impact of meteorites in 
the Earth’s atmosphere, but this phenom- 


enon was understood only after it had 
been preceded by observation of the 
aberration of light. 

Today, observation of the Earth’s mo- 
tion can be assisted by space probes. It 
has been long evident that the Ptolemaic 
hypothesis, applied to the forecasting of 
direction and velocities of interplanetary 
probes, would result in the loss of all 
such vehicles. Thus, an experimental 
phase has followed the speculative 
phases of the problem of movements of 
the Earth. There are no longer doubts 
on the positions of celestial bodies and 
the motions of the Earth. 


THE SECULAR PERTURBATION OF THE POLE 
OF THE ECLIPTIC—The pole of the Earth’s 
orbit is that point on the celestial sphere equi- 
distant from the great circle constituted by the 
terrestrial orbit (see Illustration 2b). This point 
is called the pole of the ecliptic. It is not im- 
mobile, but moves continuously, and it is im- 
portant to observe this movement on the celes- 
tial sphere. The illustration represents the 
movement of this pole over a period of 200,000 
sidereal years. The center of the spiral curve 
marks the position of the pole of the invariable 
plane, the plane that passes through the center 
of gravity of the entire planetary system and 
maintains its direction unvaried in space. At 
the moment, the inclination of the plane of the 


Earth’s orbit is 1°35’ in relation to the invari- 
able plane. In about 20,000 years, this inclina- 
tion will be reduced to 47’; then it will gain. 

It is important for astronomers to under- 
stand these movements, for the plane of the 
ecliptic is fundamental to many astronomical 
problems. For example, since the orbits of the 
planets are only slightly inclined to the plane 
of the Earth's orbit, the study of planetary 
motions is based on a reference system in 
which the fundamental direction is the axis of 
the ecliptic, and the great circle that of the 
ecliptic itself. It is, therefore, necessary to 
record every variation of this plane in order to 
carry out the necessary corrections for calcu- 
lating the motions of the planets. 4 


a) 
pole of the 
invariable 
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THE PERTURBATION OF THE ECCENTRICITY 
—The Earth's orbit is an ellipse and its axes 
meet in the center of the curve. The sun is not 
in the center of this ellipse, but is located in 
‘one of the two foci. The fourth movement of 
the Earth to be considered is, therefore, the 
variation of the center of its elliptical orbit, due 
to perturbations of the other planets, and the 
consequent variation of the eccentricity. 

In this illustration, the sun is at the center of 
the curve shaped like a spiral. The curve is the 
locus of the centers of the Earth's orbit (if 
drawn to scale, this orbit would have a diam- 
eter of one meter). The marks on the curve 
indicate the passing of time in intervals of 
10,000 years. The small circle shows the pres- 
ent position of the center of the Earth's orbit. 

The table of variations of the eccentricity of 
the Earth's orbit, calculated for a period of 
200,000 years, is as follows: 


— 100,000 era of the maximum 0.0473 


— 70,000 0.0316 
— 50,000 0.0131 
— 10,000 0.0187 
today 0.0168 
+ 10,000 0.0155 
+ 23,900 minimum 0.0033 
+ 50,000 0.0173 
+ 70,000 0.0211 
+ 100,000 0.0189 


Records of the variation of eccentricity are 
needed to evaluate correctly not only the posi- 
tion in space the Earth will occupy, but also 
the position of the moon as it follows the 
Earth's movements and affects them with its 
own mass. 


THE MOTION OF THE PERIHELION—The mo- 
tion of the Earth's perihelion is another ex- 
ample of perturbations of the Earth's orbit. The 
direction in space toward which the major axis 
of the terrestrial orbit points is not invariable, 


but rotates. As a result of this movement, the 
Earth’s orbit is not a closed curve. The other 
two perturbations shown in Illustrations 4 and 
5 also contribute to keeping the Earth’s orbit 
open, but their effect is less, 
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The motions of the Ear: 


they occur simultaneous’ A descri 


of its motion is synony:. us to saying 
what position it will be found after | 
certain interval of time, when its positia 


at a certain instant is known. To do 
it is necessary to know two impo) 


the law of motion that relates to 
orbit. 


ire several and 


characteristics: the orbit it travels, at 


The problem is easy to solve when t 
form of the orbit is simple and the law 0 
motion is a simple one. For example, í 
the Earth and the sun were isolated if 


space, with no other planets or satellite 


the form of the Earth’s orbit aroun 


sun would be an ellipse and the law i 


motion would be completely and 


regulated by Kepler's laws in their stiff 


plest form. Instead of this, the presen® 
of other planets and satellites complicat® 


the situation; it is necessary to resort U 


complex calculations to describe 
Earth’s actual motion. 
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SION OF THE EQUINOXES—The 
pherical, being slightly reduced 
and slightly expanded at the 
ttraction of the sun and moon 


pole of the 
ecliptic 


cone of 
precession 


exerts a force on this equatorial swelling. 
Furthermore, since the Earth rotates around 
itself, this induced force provokes a motion of 
precession that causes the terrestrial axis to 
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describe a complete cone over a period of 
25,765 years. During this time the axis of the 
Earth’s rotation points successively toward 
different regions of the sky. Illustration 7a 
shows the meaning of precession. While the 
Earth makes 365.25 x 25,765 rotations, its axis 
describes a cone whose semiaperture is 23° 
2659”. This angle, therefore, measures the dis- 
tance of the celestial pole from the pole of the 
ecliptic—or, as an equal measurement, the in- 
clination of the ecliptic on the celestial equator. 

To the terrestrial observer, the most consid- 
erable effect of this changing position of the 
pole is in the variation of the stars surround- 
ing it. The photographs in Illustrations 7b 
and 7b’ (next page) were taken by the same 
camera at a ten-year interval. Both are time 
photographs of about two hours’ duration. The 
intense arc is that of Polaris; the lesser arcs 
were made by fainter stars, some of which are 
closer to the pole than Polaris. A comparison 
of these two photographs reveals that the faint 
star closest to the pole described a short arc 
in the first (upper) photograph, and was exactly 
centered on the pole in the second (lower) pho- 
tograph. 

The celestial map shown in Illustration 7c 
gives the positions of the pole over the period 
of 26,000 years. Some 4,500 years ago, when 
the Egyptians were constructing the first pyr- 
amids, the pole star was a of the Draco con- 
stellation. In 5,600 years from the present, it 
will be a of Cepheus; while in 12,000 years it 
will be Vega. None of these stars, however, 
will be as close to the pole as the present 
pole star, Polaris. 

The shifting of the equinoxes is called pre- 
cession because—as shown in Illustration 7a— 
the motion of the terrestrial axis on the cone is 
a retrograde motion, as described in connec- 
tion with Illustration 1, with the effect that the 
equinox “precedes” the Earth in its motion. 
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NUTATION—The seventh movement of the 
Earth is nutation, caused by the variable attrac- 
tion of the moon. The moon's orbit makes some 
oscillations; these affect the Earth, so that the 
Earth's axis does not describe its cone of pre 
cession in an exact manner, but also with some 
oscillations 


THE MOTION OF THE BARYCENTER—1t is not 
possible to know the position of the Earth in 
its orbit unless the equivalent position of the 
moon is also determined. The barycenter of the 
Earth-moon system (not the Earth alone) moves 
along the terrestrial orbit in strict accordance 
with Kepler's laws. The top orbit shown in the 
illustration describes the Earth, the barycenter 


This complex problem, however, can 
be simplified by making a representation 
by resolution. The motion of the Earth 
results from the sum of many elementary 
movements, each one produced by its own 
cause. Simplification of these many move- 
ments begins with a determination of all 
the components into which the act of the 
Earth’s motion can be resolved. The best- 
known ones are rotation, which produces 
the alternation of day and night; and rev- 
olution, which brings the Earth around 
the sun during the year and produces the 
changing of the night sky. A third move- 
ment is the variation in the orientation 
of the Earth’s axis, which determines the 
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B of the Earth-moon system, and the moon} 
the last quarter. The center orbit shows thi 
moon passed to its new phase and the Eal 
advanced (left) in its direction of orbit. Th 
bottom orbit shows the Earth farther advanced 
with the moon reaching the phase of its first 
quarter, from which point it slows down. Suchi 
is the eighth movement of the Earth. 


precession of the equinoxes. A fourth 
movement is the translation of the planai 
tary system, drawn by the motion of the 
sun as it travels within the Galaxy. 

To the four elementary movements de 
scribed above can be added seven othet 
principal ones. Some of these, of a comy 
plex nature, can be broken down intoj 
simpler considerations. The accompany] 
ing illustrations show these eleven mad 
tions and their reciprocal importance in 
contributing to the overall motion of the] 

arth. It is the kinematic aspects of thes@ 
that are of g 
portance, rather than the way in which 
men have defined and classified them. 
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NG OF THE PLANETARY BARY: 
tenth movement of the Earth 
he fact that the Earth does not 
the sun with that star in the 

but with the barycenter of 

stem as its focus. The bary- 


center of system may fall within the solar 
sphere, but never coincides with the sun's 
center and can be a considerable distance 
from it. The planetary center can be deter- 
mined by calculation based on the positions 
of the various planets and their satellites. 
The illustration shows the movement of the 
planetary barycenter around the solar center; 
this barycenter, not the solar center, is the 
focus of the Earth's orbit. Both the sun and 
the movement of the barycenter within it are 


enlarged forty times over the Earth orbit 
shown, 


Earth, cause a periodic shifting of the Earth 
from its ideal orbit oi. The real orbit or reflects 
these influences of our sister planets. This 


TRANSLATION—Observations and measure- 
ments carried out over centuries have shown 
that the sun and its planetary system move in 
space toward a point known as the apex of 
solar motion. The point is in the direction of 
the constellation Vega. This movement of the 
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ninth movement of the Earth, like others, can 
be resolved into many components. 


sun toward a distant point in space, at a speed 
of about 20 km/sec (about 12.5 mi/sec), is also 
one of the most important movements of the 
Earth. The illustration shows the consequence 
of this movement: the Earth's orbit describes 
a cylindrical spiral around the sun. 


THE STUDY 


The Earth is the third planet in distance 
from the sun; the fourth planet in dis- 
tance is Mars. This planet has been ob- 
served since ancient times, for it is an 
extremely bright object in the sky, with 
a distinctive reddish color. Its orbit car- 
ries it almost as near to the Earth as 
Venus, the second planet in distance from 
the sun; but when Mars is at the far end 
of its orbit (in conjunction with the sun), 
it can be five times more distant than 
Venus. Mars has the luminosity of a star 
of +1.6 magnitude when it is farthest 
from the Earth; as it approaches the 
Earth, the magnitude increases to between 

1.1 and —2. 
brighter than positive magnitudes.) In 
other words, Mars at its dimmest is a 
little brighter than Polaris, the Pole Star; 
at its brightest, Mars compares with 


. (Negative magnitudes are 


Sirius and may even rival Jupiter and 
outshine all the stars in the sky. More is 
known about Mars than about any other 
body in the solar system with the excep- 
tion of the moon and the Earth. 
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OF MARS 


EARLY OBSERVATIONS 


At the end of the sixteenth century, at the 
height of the controversy over the validity 
of the Ptolemaic and Copernican concepts 
of the solar system, the Danish astronomer 
Tycho Brahe made the first exact obser- 
vations of the motions of any planet— 
Mars. The scientists of the time, disput 
ing whether the sun or the Earth was the 
center of the universe, preferred to ignore 
data that supported one theory or the 
other, and Brahe himself remained aloof 
from the discussion. However, he con 
structed instruments—chronometers and 
( the 
telescope had not yet been invented 


goniometers with hairline finders 
with which he could measure precisely 
the motions of celestial bodies 

Brahe established for the first time the 
positions occupied by Mars on two suc 
cessive nights, and noted the exact times 
when the planet appeared in these posi 
tions. His observations were so accurate 


that they enabled Brahe’s assistant and 


history of observati: 
a neighboring plan 


s of 


successor, Johannes r, to conclu% 


lliptical rath 
opernicus ha 
ions, howeva 
hanics of th 
vations of th 

made uni 
1 largely modi 


that planets move 
than circular orbit 
Brahe’s o 


believed 
were limited to tl 
movements of Mar 
planet's surface \ 
Galileo's telescope 

ified and perfected 


PHOTOGRAPHIC VATIONS 


The Yerkes Obser in Wisconsii} 
has the world’s la fracting tele 
scope, with an ob ns about I 


40 in.) i 
cal length of about 
With the use of thi 


of the planet regist« 


cm (about ter and a fol 


about 62 ft} 
he real imag 
graphicallyal 
a diameter of 2 to n (almost 0 
in.), depending on r 
tion of the planet i 
able. Because of the cal length d 
the lens, the exposu continue fi 


a considerable fract 


THE ORBIT OF MARS—The planet Mars is 
somewhat difficult to observe because of its 
orbit in relation to that of the Earth. The orbit 
of Mars is inclined only 1°51’ to that of the 
Earth, but it is more eccentric than that of the 


Earth. Its mean distance from the sun is 227,- 
400,000 km (about 141,300,000 mi), but the 
actual distance at perihelion (its nearest ap- 
Proach to the sun) may be only 206,500,000 km 
(about 128,300,000 mi) and at aphelion the 


distance may be as mt 
(154,800,000 mi). 

The Earth's orbit ar 
that of Mars and is 
During their respective 
may arrive at points th 
or distant; the former p 
as favorable—that is, the 
servation—whereas the t 
are far apart are for the € 
ignated as unfavorable 
under favorable conditior 
000 km (about 34,670,006 
under unfavorable cond 
398,950,000 km (about 24 
When Mars passes closest 
in the illustration, it is on t 
the sun, and therefore is de 
position. When it is farthes 
between Earth and Mars, and 
to be in conjunction 

The planet can be in opposition and still be 
relatively close to Earth (during perihelion 
shown by the broken line between orbits # 
left), or relatively distant (during aphelion 
shown by the broken line between orbits # 
right); the former is called favorable opposi 
tion, while the latter is called unfavorable opi 
Position. During favorable opposition the ai 
ameter of the planet may appear to be abou 
25 seconds of arc across; this will be reduces 
during an unfavorable opposition to about 1 i 
and during an unfavorable conjunction to only 
3.5”. Even a month before or after the momen 
of opposition reduces the distance between thé 
Planets measurably, and thus only a few nights 
are avaliable for the most favorable observa 
tion, Inasmuch as some nights have bettel 
weather conditions than others, and becaus? 
the sky is clearer during some hours than au 
ing others, each opposition affords only a fe" 
hours of prime time for observation. Moreovel: 
periods of opposition recur only once In abou! 
every two and a half years; and favorable op 
Positions only once in about 15 to 17 yea 
The next was expected in 1971. 
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THE FIF ESCOPIC OBSERVATIONS OF 
MARS. tance of 25 cm (about 10 in.) 
the hurr an distinguish two points that 
are one 2 of angle apart, that is, sepa- 
rated by 0.01 mm (0.0004 in.), a quarter 


Of the thickness of a human hair. Galileo's 
telescope lved images at a distance apart 
of 10” of arc, six times more precisely than the 
human eye. This greater resolution (apart from 
the magnification used) was enough to show 
the topography of the moon, the spots on the 
Sun, the phases of Venus, and the ring of Sat- 
urn, In 1630, two decades after Galileo's tele- 
Scope, instruments with a resolution of 3” of 
arc were built. These telescopes were power- 
ful enough to distinguish the surface features 
of the planets. One astronomer saw a spot in 
the center of the disk of Mars (he called it 


“the pill”), but this was the only surface fea- 
ture he saw; the polar cap, the most important 
feature, was not visible to him. The polar caps 
were first observed in 1670 by the Dutch 
astronomer Christiaan Huygens, who had built 
a telescope with a resolving power of 2” of 
arc, 30 times greater than the resolving power 
of the human eye. 

In 1680 Jean-Dominique Cassini, a French 
astronomer, using a telescope with a resolv- 
ing power of 1” of arc, found smaller details 
on the surface of the planet. These observa- 
tions still did not provide enough information 
for a study of the planet. No practical progress 
in astronomical optics was made in the eigh- 
teenth century, although theoretical optics had 
discovered how to construct instruments with 
greater resolving power. In particular, It was 
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known that resolving power was directly pro- 
portional to the diameter of the lens, and the 
surface characteristics of such lenses were 
precisely computed. At the beginning of the 
nineteenth century the invention of the achro- 
matic lens opened the way to the design of 
telescopes with a resolving power of 0.5”, and 
by the end of the century, less than 0.25”, 
These conditions made it possible to see the 
permanent features of the planet and to draw 
detailed maps of its surface. 

The maps shown illustrate the appearance 
of Mars according to some astronomers over 
a period of several centuries: 2a, Fontana in 
1636; 2b, Huygens in 1659; 2c, Cassini in 1666; 
2d, Giacomo Filippo Maraldi in 1719; 2e, Sir 
William Herschel in 1780; and 2f, J. H. Schröter 
in 1798. 
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when a highly sensitive film is used, Dur- 
ing the exposure period the image is 
affected by atmospheric turbulence and, 
therefore, appears more blurred than 
under direct observation by the eye, 
which is less distracted by minor distor- 
tions of this kind. Nevertheless, some ex- 


cellent photographs have been obtained. 


MOTION PICTURE 
PHOTOGRAPHY 


At the beginning of the twentieth cen- 
tury many large reflecting telescopes 


were constructed. These were not con- 
sidered suitable for observing the planets, 
particularly Mars, because their huge 
mirrors, which are used as objective 
lenses, reflect much of the perturbation 
of the Earth’s atmosphere. However, 
these telescopes do gather a large amount 
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FILTER PHOTOGRAPHY—An advance that in 
certain cases makes photography superior to 
visual telescopic observation was the develop- 
ment of optical filters, which pass radiations 
of specific frequencies. If a planet is photo- 
graphed through filters that pass only the vio- 
let and ultraviolet radiations of the spectrum, 
the photographic image shows only those de- 
tails of the planet that reflect violet and ultra- 


of light, and their focal length—less than 
five times the mirror diameter, as com- 
pared with as much as 20 times the focal 
length in some refracting telescopes— 
permits photographic exposure time of as 
little as a few hundredths of a second 
when the subject is a body as bright as 
Mars. Thus it is possible to take long se- 
quences of thousands of frames of photo- 
graphs with a motion picture camera; 
among these thousands a few are likely 
to have been taken during the rare mo- 
ments of atmospheric calm. A few such 
photographs can be selected, producing 
some highly detailed and clear photo- 


violet light—in the case of Mars, particularly 
the clouds of the thin atmosphere. Therefore, 
ultraviolet photographs of Mars are especially 
useful in studying the meteorology of the 
planet. On the other hand, infrared filters make 
it possible to photograph the radiation from the 
planet's surface—radiation that penetrates the 


misty, turbulent 
absorbed. 


atmosphere without being 


graphs of the surface of Mars, such as 
those taken with the 200-in. Mount Pal- 
omar telescope. 


SPACECRAFT PHOTOGRAPHY 


In November 1964 Mariner IV was 
launched from Cape Kennedy. In July 
1965 it approached within 6,200 miles of 
the surface of Mars. During the flyby, 22 
telescopic pictures were taken of the 
planet. These photographs were relayed 
to Earth by the spacecraft telemetry sys- 
tems. The pictures show craters similar to 
those on the moon. The craters range in 


e the use @ 
the same land ) 
yh an infraree 
rsults appear it 
ly, when Mam 
nfrared and âll 
3a and 3b), the 
features, while 
and clouds. 


These photographs il 
filters in photography. W 
scape is photographed 
and an ultraviolet filter, tt 
Illustration 3c and 3d; si 
is photographed through 
ultraviolet filter (illustratior 
former reveals many surta 
the latter reveals mostly mi 


size from 2.8 to 170 km (1.7 to 110 mi) if 
diameter. 

In 1969 Mariners VI and VII succes® 
fully relayed additional photographs frot 
the vicinity of Mars. These photograp 
were similar to those from Mariner M 

Mariners VI and VII each passed onl) 
about 2,000 miles from the surface ? 
Mars. They took a total of about 200 tele 
vision pictures. Experiments performe 
during the two space journeys confirmé 
the extreme tenuousness of the Martial 
atmosphere; the pressure on the surfac 
is only about 1 percent of the Earths 
surface pressure. 
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THE MAP OF MARS 


Much sharper contrasts appear on a may 
of Mars than on the image of the planet 
as seen through a telescope. Amateur 
observers, unaware of this, often are dis- 
couraged because they cannot see the 
planet as sharply through a telescope as 
it appears in maps in which the intensity 
of the colors is usually heightened. When 
actually viewed, areas such as Ceraunius 
and Deuteronilus are even less distinc- 
tive than would appear from the mark- 
ings on the map (Illustration 2, at +30° 
lat 90° long and +40° lat 0° long respec- 
tively). They would hardly be percepti- 
ble, in fact, with the best telescopes. The 
features shown on the map cannot be 
seen during a single night through any 


The five photographs below 
elected from photographs of 
consecutive periods, show 


the progressive diminution of the polar cap 
with the advance of summer and the simul- 
taneous gradual appearance of areas of dark 


color in the tropical zones. The two drawings 
in Illustration 1b show the polar cap as it 
would appear from above the planet's ‘axis. 
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THE MAP OF MARS—These are maps of Mars: 
a Mercator projection (the central rectangle) 
of the equatorial and temperate latitudes; and 
the polar regions. They are drawings; no pho- 
tograph can reproduce the delicate shades 
of color of the planet's surface or include all 
the details seen through a number of tele- 
scopes. The study of the surface of the planet 
is called “areography” because the Greek 
name of Mars was Ares. 

Observations of many astronomers over the 
decades provided the data for this composite 
map. These astronomers are not only compe- 
tent observers; they must also be able to re- 
cord what they have seen. During the course 
of one night an astronomer might record only 
a hundredth part of what appears on this map, 
because his vision is impeded by the Earth's 
atmosphere, the atmosphere of Mars, and the 
limitation imposed by the rotation of Mars, 
which leaves only a few hours to observe a 
detail in the center of the face of the planet. 
When this detail shifts to the horizon, it be- 
comes indistinct and blurred. 

Moreover, not more than 40 nights every 
two years are favorable for the observation of 
Mars. Observations made during these nights 
are compiled by the astronomers in a series 
of maps and drawings that are then analyzed; 
all the details that have appeared during the 
nights of observation in a single region are 
collated and drawn as a composite, usually 
in water colors. A special commission of the 
International Astronomical Union then collated 
all the studies prepared by the astronomers to 
construct a collation of the collations—the 
maps in this illustration. 

The nomenclature appearing on the map 
originated with the Italian astronomer Gio- 
vanni Schiaparelli, although many astronomers 
have contributed names to the features of 
Martian areography. Many regions whose off- 
blue color intensifies during the hot season, 
when the polar caps retreat, have been desig- 
nated as maria. 

A new era of Martian exploration opened 
with the approach from space, with spacecraft 
photographing the planet from distances of 
about 9,650 km or about 6,000 mi (Mariner 4 
in 1965) and slightly more than 3,370 km or 
2,100 mi (Mariners 6 and 7 in 1969). These 
Photographs have revealed that the planet's 
surface is, like that of the moon, marked with 
numerous craters. Infrared radiometers aboard 
Mariner 7 disclosed temperatures indicating 
that the polar caps probably contained more 
frozen carbon dioxide (dry ice) than frozen 
water (ice). Precise information of the con- 
figuration of Martian topography and the 
causes of the planet’s coloration awaits further 
exploration, not only by additional launching 
of unmanned—and perhaps manned—space- 
craft to reach Mars, but also by establishing 
a telescope either on the moon or on an orbit- 
ing observatory outside the opacity and turbu- 
lence of the Earth’s atmosphere. 
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telescope, for the map is really a compos- 
ite of a great many observations. 

The most recognizable features on the 
surface of Mars are the polar caps, two 
white areas near the poles that increase 
and diminish seasonally. Inasmuch as 
Mars rotates around an axis inclined at 
about 24 degrees from its rotational plane 
(almost comparable to the Earth), its 
seasons resemble those of the Earth, al- 
though they are longer because the Mar- 
tian year lasts for 687 terrestrial days. 
The intensity of the seasons on Mars dif- 
fers in the two hemispheres, however. 
The southern hemisphere of the planet is 
much closer to the sun in summer than 
in winter, and so is extremely hot in 
summer and extremely cold in winter; 
whereas in the northern hemisphere the 
seasons are reversed. It was long believed 
that the polar caps were condensations of 
water in the form of ice, snow, or even 
dense fog and clouds, and that their 
spreading indicated the degree of cold- 
ness in the polar areas. As the hot season 
advances in a hemisphere, the cap di- 
minishes; when cold weather arrives, the 
cap spreads. The southern polar cap 
sometimes disappears entirely during the 
summer, but in winter it extends all the 
way to the temperate zone; whereas the 
northern cap never disappears entirely, 
even during the summer (its minimum 
diameter is about 300 km or about 185 
mi), and in winter it extends for a dis- 
tance about three fourths that of the 
southern cap. These variations are caused 
by climatic conditions resulting from the 
positions of the caps and the distances 
from the sun. 

The resemblance of these caps to ter- 
restrial polar ice caps suggested that the 
caps on Mars were composed mostly of 
ice. They appeared to have a greater 
area when photographed with ultraviolet 
filters, which admit light from the at- 
mospheric mist, than when photographed 
with infrared filters, which admit only 
the reflections from the terrain, presuma- 
bly ice or snow. Consequently, it can be 
assumed that the caps seen in visible light 
are composed partly of clouds. As the 
caps retreat, the edges break off and 
white fragments, detached from the main 
mass, remain stationary. This suggests 
the presence of mountainous terrain. 
Given the thin atmosphere of Mars, ele- 
vations of only a few hundred meters 


would produce a difference in tempera- 
ture sufficient to keep the ice or frost 
frozen for some time. 


THE ROTATION OF MARS 


The period of the rotation of Mars is 24 
hours, 37 minutes, 58 seconds—a precise 
calculation made possible by observation 
of the permanent features of its surface. 
It is only necessary to observe the length 
of time required for a given feature to 
rotate 20 or 30 times to calculate pro- 
visionally the period of a single rotation; 
any error in determining the exact instant 
at which that feature completes a single 
rotation is thus spread over a larger num- 
ber of rotations, giving a result that may 
be considered reasonably precise but 
scientifically still provisional. This result 
is then compared with the records of 
other observers who have, since the early 
eighteenth century, carefully noted and 
left records of the appearance of certain 
features on their charts. Inasmuch as time 
was measured with great accuracy even 
in those days, any errors in observation 
are spread over hundreds of thousands of 
rotations, giving an extremely exact re- 
sult. 

This period of a single rotation—actu- 
ally, the length of a Martian day—is al- 
most the same as that of a terrestrial day; 
therefore, a feature on the planet's sur- 
face observed one night will be found the 
following night at almost the same place. 
(Because the Martian day is slightly 
longer than an Earth day, the feature will 
seem to have slipped back by about 9°.) 
After 20 days, with a turn of 180°, a fea- 
ture appearing at that location on the 
planet will be almost exactly opposite the 
feature observed on the first night. 

The rotation of the planet results in a 
slight flattening at the poles—a flattening 
exceeding that of the Earth (1/190) 
even though the period of rotation is 
longer. The explanation of this greater 
flattening, measurable by telescope but 
not apparent to the eye, is that the in- 
terior of Mars is more homogeneous and 
less dense than the interior of the Earth. 


THE GENERAL SURFACE 
APPEARANCE OF MARS 


Except for the white polar caps, Mars is 
orange ochre-red in color, with patches 


over three eighths of t).. surface tending 
toward blue-gray or n. The orange 
surface retains its permanently, 
and seems to be ver nooth; if there 
were mountains a fe \ousand meten 
high, they would cast ows that could 
easily be seen, especi it the termina 
tors (the line betw: ight and dark 
or day and night, < e face of the 
planet). The blue-gr id green areas, 
however, change in isity with the 
seasons, and are usu: ss bright than 
the rest of the surfaci the polar cap 
of a hemisphere retr the blue-gray 


and green regions ar ore intense in 


their color. | 

This characteristic a, vell as the color 
suggested the use of them mare (plural 
maria ), which is inapp vriate for a num- 
ber of reasons. First, if hese were actu: 
ally seas, they would ret the sun under 
favorable circumstance but no such re- 
flection has ever been served despite 
special studies in this ection. Second, 
the color in these regic varies in inten- 
sity from place to plac ich might sug- 
gest shallow lakes or s but not seas 
such as those on Eart inally, even in | 
the same mare, variat of color occur 
periodically and also andom, which 
would not be likely i se were deep 
water-filled depression 

In any case, the pe: “ic variation in 
the intensity of the co synchronized 
with the seasons, sugges - that there may 
be a movement of water over the surface 
of the planet from the ; les toward the 
equator; and the possibility of vegetation 


in the more darkly colored regions seems 
likely. These observations have not beet 
supported by sufficient information © 
justify a final plausible hypothesis to e% 
plain the phenomena; the information 
gathered through the use of spacecraft 
can be expected to provide more usé! 
data concerning the surface of the planet 
The U.S. National Aeronautics and 
Space Administration planned to soft 
land a complex instrument payload of 
Mars in 1975. The spacecraft was ® 
pected to include wide-ranging television 
equipment, a gas chromatograph mas 
spectrometer for the identification of 0 
ganic molecules in the Martian soil, a ¢ 
vice for the detection of water bound 
rock or other solids, and a set of meteoro 
logical indicators. A retro-rocket Janding 
was expected to be employed. 


LII S ON MARS | the environment of a neighboring planet 


Scientist science enthusiasts have 
long be inated by the possibility 
that the rity between the features 
of Ea its planetary neighbor 
Mars w dicate that life exists on 
Mars. ¢ individuals have contrib- 
uted n ) finance the construction 
of pow lescopes to study the de- 
tails of observations. One Euro- 
pean b wr actually offered a prize 
of 100. ks for proof of communi- 
cations inhabitants of any planet 
other tl possibly assuming that 
comm is with Mars was a feat so 
probab! no prize was necessary. 
Many : mers have observed mark- 
ings on that seemed so similar to 
man-m structions that they might 
be att to intelligent beings. This 
point © s no longer seriously ad- 
vanced remains of great popular 
interest ıs long a staple of science 
fiction 

THE ° S&S” OF MARS 

Two |} ympetent observers who 
claime observed long thin mark- 
ings or of Mars, colored the same 
as the plural of mare, Latin for 


se 


) ming from sea to sea, were 


the Ital ronomer Giovanni Schiapa- 
relli an American astronomer Per- 
cival I Because he believed that 
the mar ictually contained water, 
Schiaparelli called the connecting lines 
canali ( an for either “channels” or 


“canals” ecause the lines appeared 
only during certain seasons, Lowell pop- 
ularized the concept that the “canals” 
were built by Martians to permit the cir- 
culation of water over the planet. 

Other astronomers—including Edward 
Emerson Barnard, who used the most 
powerful refracting telescope ever built, 
the one at Yerkes Observatory—main- 
tained that they had never seen the much- 
discussed canals on Mars—and their dis- 
claimers had to be taken with the utmost 
seriousness. Thus began a scientific con- 
troversy that lasted for many years but 
may now be considered to have ended 
with a refutation of the canal concept be- 
cause of more recent observations. It is 


probable that these were markings, so 
small as to be barely perceptible, among 
the larger markings that appear during 
the seasonal cycles. Seen through a tele- 
scope with inferior magnifying and re- 
solving power, the markings appeared as 
filaments. The concept will be finally 
proved imaginary only when a spacecraft 
or a moon-based observatory can offer 
proof—and considering the pace of sci- 
entific progress, such proof will soon be 
available. Space probes in the late 1960s 
indicated no canals; markings were be- 
lieved to be attributable to ridges and 
faults. 


THE ATMOSPHERE OF MARS 


Telescopic observations have already 
proved that Mars has an atmosphere. One 
proof is that the surface of the planet is 
not always equally observable, tending 
to vary in visibility even during the 
course of an observation—an effect that 
can be attributed to an atmosphere that 
interferes with observation in the same 
manner as does that of the Earth. Fur- 
thermore, the existence of polar caps with 
variable areas suggests that matter must 
move over the planet’s surface, and the 
most likely way for this to occur would be 
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THE CANALS — Schiaparelli and other ob- 
servers designated the large circular features 
they saw on Mars as seas (maria) and the 
filaments they perceived connecting some of 
the seas were termed canals or channels 
(canali). Because the filaments appeared more 
clearly during the season when the color of 


the seas intensified, the theory was advanced 
that the canals were works constructed by 
supposed inhabitants of the planet. These 
filaments are now considered random align- 
ments of smaller features or perhaps optical 
illusions. 
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through evaporation and transportation 
through an atmosphere. 

The details of the Martian surface ap- 
pear blurred at the edges of the observ- 
able face, and this accords with the 
theory of an atmosphere, which would 
appear thicker at the edge and would, 
therefore, absorb more light. When the 
sun’s rays illuminate Mars from the side, 
so that the planet has the appearance of 
the moon in the ninth or tenth day of its 
cycle, the part that shines is slightly larger 
than mathematical calculations would in- 
dicate—a phenomenon explicable only by 
assuming an atmosphere that produces a 
twilight effect at the edge of the bright 
side, making it appear larger. 

Ultraviolet photographs offer the most 
convincing evidence that Mars has an 
atmosphere, for they show mist held in 
suspension. The composition of the atmo- 
sphere is not easily studied; most of the 
light of Mars—sunlight reflected from the 
surface—is somewhat colored by the ter- 
rain, and only that small fraction of light 


FILTERED PHOTOGRAPHS—n Illustration 2a, 
two photographs of Mars, one taken through 
an ultraviolet filter and the other through an 
infrared filter, were cut in half, and the left half 
of the first was joined to the right half of the 
second; the former appears larger. All the 
other photographs were taken with colored 
filters: orange (Illustrations 2b and 2d); red 
(Illustration 2c); and blue (Illustration 2e). The 
blue filter results in a photograph showing 
atmospheric haze and makes the planet ap- 
pear much larger than does the red filter, 
which, on the other hand, reveals more surface 
detail. 
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absorbed by the atmosphere indicates the 
composition of the atmosphere. 

A calculation of the velocity of the 
molecules in the Martian atmosphere at 
its present temperature shows that hydro- 
gen and helium can escape, but that ni- 
trogen, argon, oxygen, and other heavier 
gases are trapped. Spectroscopic anal ysis, 
on the other hand, shows that the Martian 
atmospheric pressure is no more than 5 
to 10 percent of the terrestrial atmo- 
spheric pressure, and probably ranges be- 
tween 1 and 2 percent. Estimates of the 
oxygen and water content have always 
been low, and according to observations 
made during the Mariner VII explora- 
tion, the atmosphere is almost entirely 
carbon dioxide, with only traces of oxy- 
gen, carbon monoxide, and water vapor. 


TEMPERATURE AND CLIMATE 


Very delicate instruments capable of 
measuring the heat radiated at various 
locations on the surface of Mars indicate 
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the temperature dis tion at various 

and to some 
nditions. The 
ye expected, Ï 
her in the sum- 
her at noon. At 
the equator, it may approach 187° C 
(about 368° F) at noon, fall to 0° C (32 
F) at sunset, and, according to one esti 
mate, to about —100°C (—148° F) at 
night. Such a temperature range is con 
parable to that on Earth, taking into co 
sideration the greater distance of Mee 
from the sun and the corresponding) 
less heat it receives. Moreover, the Mar 
tian atmosphere is more rarefied than 
that of Earth—Mariner analysts o 
that the atmospheric pressure On w 
Martian surface was about that found # 
elevations between about 30,500 a 
46,000 m (about 100,000 and 150,000 fi 
above the Earth—and so greater correla: 
tion is found between the amount q 
solar heat reaching Mars and the “ 
perature—that is, the Martian surfa 


regions and times 


extent reveal clim 
temperature, as m 
highest at the equator 


mer hemisphere, and 
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STATIO LOUDS—Extensive cloud for- 
mations y cover vast regions of Mars 
for long of time, whereas smaller 
would hot while the sun shines 
and ve vhen it does not shine. 
CLOU ) STORMS 
It is ne sible to study the clouds 
of Mar e on Earth can be studied, 
by flyi bove them; but when a 
cloud ı reaches dimensions of 
100 km 32 mi) or so, its form can 
be obs d cloud covers ten times 
that s frequently seen covering 
vast re days. Smaller clouds have 
also be ved remaining near fixed 
locatio surface, suggesting the 
presen yuntain, with atmospheric 
humid ising near the summit as 
the wi ver, much as the banner 
clouds r Alpine peaks on Earth. 
The |: ds, on the other hand, 
move ¢ 1et’s surface, indicating 
winds attain a velocity of more 
than 3 about 20 mph). 
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STORMS—The features of Mars are sometimes 
obscured by a yellowish haze, especially dur- 
ing the spring, and the cause of this is be- 
lieved to be a dust blown up by wind. 


SATELLITES—in 1877 the American astrono- 
mer Asaph Hall discovered, during an opposi- 
tion, two satellites moving with great speed 
around Mars. The furthest, Deimos, is about 
23,500 km (about 14,600 mi) away from the 
Planet, while the nearest, Phobos, is about 
9,360 km (about 5,800 mi) away. 


Sinus 
Meridiani 
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clouds, such as the banner clouds that are 
observed over mountains in the Alps, remain 
over specific features. 


The features on Mars are sometimes 
covered or veiled by yellowish mists, 
which appear mostly in one hemisphere 
during the spring season and which may 
be caused by dust blown up from the 
ground by strong winds. Knowing the 
thinness of the Martian atmosphere, it 
can be calculated that these particles 
must be no larger than 20 um (about 
0.0008 in.) in diameter; it would take 
about 24 hours for them to descend less 
than a mile, and they could be kept in 
suspension by winds of moderate strength. 


THE SATELLITES 


During a major opposition of Mars in 
1877, all the telescopes of Europe and 
America were trained on the planet. At 
the Naval Observatory in Washington, 
D.C., the astronomer Asaph Hall utilized 
the occasion to determine whether the 
planet had any satellites. After many 


nights of long and difficult work, he had 
decided to abandon the project when he 
spotted a body near Mars that might be 
the object of his search. He observed it 
for a time, but poor atmospheric condi- 
tions forced him to interrupt his observa- 
tions; when favorable conditions re- 
turned, he found not one satellite but 
two, moving around Mars with great 
speed. They have been named Deimos 
and Phobos, after the two sons of the 
Greek god Ares (Mars). 

Deimos revolves around Mars at a dis- 
tance of about 23,500 km (about 14,600 
mi) miles in a period of 30 hours and 18 
minutes. It has a diameter of about 9.6 
km (about 6 mi) and would appear from 
Mars as a disk about 80’ of arc in diam- 
eter and as bright as Venus. Phobos is 
about 9,360 km (about 5,800 mi) from 
Mars and completes its revolution in 7 
hours and 39 minutes, Inasmuch as this 
is less than a Martian day, Phobos rises 
in the west and sets in the east twice 
each day. It has a diameter of about 16 
km (about 10 mi) and would appear 
from Mars as a disk about one third the 
size of the moon and only one twenty- 
fifth as bright. 
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JUPECER Seems = eso 


Since the day when man first turned his 
eyes and intellect toward the heavens, 
Jupiter, the giant planet of the solar sys- 
tem, has remained an enigma. Despite 
its 483-million-mile distance from the 
sun, Jupiter's brilliance often dominates 
the evening sky. Its 88,770-mile equato- 
rial diameter dwarfs that of any other 
planet. Its mass is more than twice that 
of the eight other planets combined, and 
its atmosphere is hundreds of miles deep. 
Yet only in the last century, with the help 
of increasingly sophisticated instruments 
and expanding scientific knowledge, have 
astronomers been able to analyze with 
any degree of accuracy the physical 
makeup of this unique planet. 


JUPITER'S ABSORPTION SPECTRUM—Jupi- 
ter reflects a part of the light it receives from 
the sun. The spectrum of this light contains 
both the absorption lines of the elements pres- 
ent in the sun and the absorption lines of some 
elements contained in Jupiter's atmosphere. 
The spectrum in this photograph reveals the 
absorption lines of methane (indicated by ar- 
rowheads). The line indicated by a dash is 
ammonia; even though it is less intense than 
most of the methane lines, it can be deduced 
that ammonia is at least as common as meth- 
ane on Jupiter. Because of this chemical com- 
position, the atmosphere of this and similar 
planets (Saturn, Uranus, Neptune) is described 
as “reducing.” 


Basically, the scientific investigation 
of Jupiter’s mysteries has been rooted in 
studies of the light reflected by Jupiter’s 
dense atmosphere. Through these studies, 
much knowledge of Jupiter’s composition 
has been gained. The study of the com- 
position of a planet's reflected light is 
based on photographs taken through 
appropriate filters, using film sensitive 
to various wavelengths. When photo- 
graphed in infrared light, Jupiter's mark- 


ings appear noticeably similar to those 
photographed in visible light. (It is not 
quite accurate to speak of “light” in con- 
nection with infrared radiation; however, 
since infrared radiation makes it possible 
to obtain photographic images similar to 
those obtained from visible light, the 
term is used.) This similarity indicated 
that even at infrared wavelengths, the 
atmosphere of Jupiter—with an underly- 
ing solid surface—was being observed. 
By contrast, infrared photographs of 
Mars give a view of that planet quite dif- 
ferent from what one observes optically, 
leading scientists to conclude that the 
thin Martian atmosphere is essentially 
transparent at infrared wavelengths. This 
consideration, along with theoretical cal- 
culations, confirms the idea of a thick 
Jovian atmosphere. 

Astronomers study the composition of 
Jupiters atmosphere through spectro- 
graphic analysis. Because of Jupiter's ex- 
tremely low density in comparison with 
that of the Earth, a substantial difference 
obviously exists in the composition of the 
two planets. 


SPECTROSCOPIC ANALYSIS OF 
JUPITER’S ATMOSPHERE 


Jupiter’s spectrum is studied in the same 
way as that of other planets: a telescope 
with a spectrograph attached is directed 
toward the planet and the spectrum is 
registered. Then, the moon's spectrum is 
recorded with the same telescope and 
spectrograph. In both cases the sun’s re- 
flected spectrum is also being observed. 
In the first spectrographic recording, the 
solar light reflected by Jupiter’s atmo- 
sphere has been partially altered by the 
atmosphere, while in the second the light 
reflected by the moon’s surface has not 
been altered. After reflection, the light 
from Jupiter passes through the Earth’s 
atmosphere, undergoing a certain amount 
of absorption in the process. The charac- 
teristics of absorption of solar light by 
Jupiter's atmosphere appear, therefore, as 
differences between Jupiter's spectrum 
and that of the moon. In Jupiter's spec- 
trum, bands corresponding to ammonia 
and methane have been observed, with 


ammonia in much proportion, 


COMPOSITION OŁ 
ATMOSPHERE 
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Through spectrosc« 
Jupiter’s atmosphere 
and ammonia have 
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seen in the spectrur 
absorb easily measur 
hydrogen molecule rbs 
through the relativel 
of quadruple absorp 
more difficult to obs 
only because of the al 
gen in the Jovian 
gases far less abund 
will be even more difi 
mean density of Ju 
can be measured, how 
of the occultation of $ 
with the resulting dat 
other elements can be 
retical calculations. 

Studies of the Eart! 
that the Earth and the « 
probably formed from 
that makes up the sun, 
nebulas. This matter is 
and helium. Yet the Eart: and the minor 
planets have a high density, and hydro 
gen and helium, so common elsewhere in 
the universe, seem almost absent. Jupiter, 
with a mass more than 300 times that of 
the Earth, has a gravitational field strong 
enough to retain the lighter elements. It 
is logical to conclude, then, that Jupiters 
extremely low density is due to the pres 
ence of hydrogen and helium in great 
quantities. 


rigin indicate 
planets were 
same matter 
stars, and the 
stly hydrogen 


CHEMICAL STRUCTURE 


Studies of the Earth’s interior suggest 
that the elements are denser in the cen 
tral part than on the surface becaust 
they are highly compressed. Under the 
pressures present at the center of the 
Earth even the hardest metals are com 
pressed until their density is consider 
ably increased. 

At the center of Jupiter the pressul® 
is much greater than at the center of the 


Earth b se the thickness of accumu- 


lated ma much greater. Because the 
force of is much higher on Jupi- 
ter thar Earth, matter inside Ju- 
piter m very dense. Yet because 
Jupiter ht in relation to its size, 
hydrog elium must be its princi- 
pal con These gases are in fact 
so light n compressed inside Ju- 
piter, t! the planet a mean den- 
sity of | reasoned, therefore, that 
Jupiter ir, is composed mainly 
of hyd: l helium. Unlike a star, 
howeve r is cold, so these gases 
are cor ind at a certain depth 
even sol 

The | id clouds visible in Jupi- 
ter’s atr are not composed of hy- 
drogen lium, but of ammonia, 
which i at Jupiters temperature. 
Ammon lenses in the conditions 
of Jup mosphere at —120° C 
(-184 140° C (—220° F) it is 
undoub lid. The intense activity 
of Jupit iosphere could therefore 
be due itinuous evaporation and 
conden f ammonia. Although the 
residua the planet is not high 
enough its temperature appre- 
ciably a value of solar radiation, 
the hea e sufficient to cause in- 
tense e\ n and “snowfalls” of gas. 

The ; of ammonia indicates 
the exist f nitrogen on Jupiter. Be- 
cause nit iso exists in the sun and 
other star nitrogen on Jupiter may 
have for ammonia when it con- 
densed. A part of the nitrogen could still 
JUPITER— lescopic view of Jupiter (Illus- 


tration 2a) s the methane and ammonia 
clouds arranged in bands parallel to Jupiter's 
equator. The bands cover nearly all the 
Planet's surface. This surface cannot be ob- 
served; however, a knowledge of the behavior 
of solid matter under high pressure enables 
astronomers to theoretically reconstruct the 
inside of the planet. The cross section (Illus- 
tration 2b) is a model of Jupiter's interior, 
based on the theory that it is mostly composed 
of hydrogen, and that it has the same average 
Composition as stellar matter. According to 
the same theory, Jupiter is composed of Van 
der Waals solid hydrogen to a depth of about 
8,000 km (about 5,000 mi). Below this depth, 
because of the increase in pressure, metallic 
hydrogen exists. The metallic hydrogen at the 
center reaches a density of 3.6. 


metallic hydrogen 


45 


be in a free state, but such nitrogen can- 
not be observed spectroscopically. 

No satisfactory explanation has yet 
been given for the coloration observed 
in the bands and the clouds of Jupiter. It 
has been noted, however, that sodium 
and potassium, even in minute quantities, 
are enough to strongly color ammonia 
crystals and may be the cause. 


ATOMIC STRUCTURE 


Among the many uncertainties concern- 
ing Jupiter's composition, one fact is cer- 
tain: the preponderance of hydrogen in 
its makeup. This fact goes a long way 
toward simplifying the conjectures that 
can be made about the planet's internal 
structure. Understanding of these theo- 
ries must be based on knowledge of how 
matter acts under very high pressures. 
For example, if hydrogen is cooled to the 
point of solidification, its atoms approach 
one another in regular positions in space. 
What holds the atoms in this position? 
If hydrogen gas is compressed when its 
molecules or its atoms are far from each 
other, the gas behaves according to the 
perfect gas law. Under these conditions 
hydrogen behaves as if its molecules did 
not attract one another. Molecular attrac- 
tion is weak because the molecules are 
so far apart. However, if the gas is highly 
compressed so that the molecules are 
closer together, they are attracted to one 
another more strongly; the gas behaves 
as if its molecules were no longer free, At 


PRESSURE AND DENSITY OF SOLIDS—A 
solid substance has its atoms arranged in 
different ways according to the pressure on 


a 


this point, hydrogen does not follow the 
perfect gas law. Its behavior is described 
in an equation named after Johannes Van 
der Waals, the Dutch physicist who first 
explained it. When the gas solidifies, its 
atoms are held together by the force with 
which the molecules had attracted each 
other when the gas was compressed. Un- 
der great pressure, solids are compressed 
e in density, forming a Van 
der Waals solid. The solid hydrogen 


and incr 


which exists near the surface of Jupiter 
is a Van der Waals solid. 

In general, atoms touch one another 
in an ordinary solid; they become de- 
formed when the solid is compressed. If, 
the further in- 
creased, electrons may detach themselves 


however, pressure is 
from the nuclei and become almost free 
to circulate among the ions that make 
up the solid. A solid in which all elec 
trons are grouped around their respec- 
tive atoms is a dielectric; this is the state 
of Jupiter's surface hydrogen. 

If, on the other hand, the electrons are 
free to move among the atoms, the solid 
behaves like a metal (and, in particular, 
conductive). A nonmetallic 
solid can be compressed and transformed 
in this way into a metal. At a pressure 
of about 280,000 kg/cm? (about 4 mil- 
lion Ibs/in.*), for example, iodine be- 
comes a million times more conductive 


becomes 


than under standard atmospheric pres- 
sure. At a certain depth below the sur- 
face of Jupiter, a pressure is reached 
sufficient to cause the ionization of hy- 


drogen. From tł 
planet's center, tl 
its density exce 
center. 
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the substance. The illustration shows three 
different ways in which atoms can be arranged 
in a crystal lattice, giving origin to solids 
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which show an increasir 


3a is a simple cube lattice 
lattice, and 2c a compact 


onsity Illustration 
» a face-centered 
exagonal lattice. 
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Weighin in relation to its enor- 
mous si | distinguished by its 
strange 1 Jupiter is the largest of 
the plan diameter about 11 
times th 
Earth, J 
all celest 


> Earth. Seen from the 
one of the brightest of 
s, It is outshone only 


by Venu ecasionally, and for very 
brief pi Mars. 

Jupiter around the sun is about 
5 times as the Earth’s. Unlike 
Venus a , which are visible 
only at t t use they orbit the 


sun insid Earth’s orbit, Jupiter is 


visible When Jupiter rises in 
the easte ing sky, it dominates the 
sky for of the night, dwarfing 
the stars ts ivory-white light. 
JUPITE! IGHTNESS 

Jupiter es its orbit around the 
sun in a s than 12 years. It reap- 


pears ev 
the year 
either at 


in the same position as 
but just a little later— 
ine hour one month later, 


or the sa but two hours later. 
Jupite distance from the sun 
is 483 n miles. Since its orbit is 
not a pei circle, this distance may 
vary by a h as 46 million miles. The 


Earth con 
the giant Į 


vithin 367 million miles of 
ct if opposition takes place 
when Jupiter is at its perihelion (nearest 
the sun), Earth is farthest from 
Jupiter when the giant planet is in con- 
junction with the sun and at its aphelion 
(farthest from the sun). Here the dis- 
tance between the two planets is al- 
most 600 million miles, about one and 
two-thirds times the minimum distance. 
Although 600 million miles seems a re- 
spectable distance, the difference be- 
tween the maximum and minimum dis- 
tances is not enough to have any effect 
on the brightness of the planet as seen 
from the Earth. At its maximum distance 
from the Earth, Jupiter’s stellar magni- 
tude is —1.4, almost the same as that of 
the star Sirius, When Jupiter is in oppo- 


[TER THROUGH 
TELESCOPES 


sition, its stellar magnitude may reach 
—2.5. In neither case do any stars (as 
opposed to planets) outshine it. 


THE “SQUASHED” PLANET 


A telescope or binoculars that magnify 
15 or 20 times will reveal Jupiter as a 
disk rather than a bright spot in the sky. 
The apparent diameter of this disk is 
about 50” (seconds of arc) when a good 
opposition brings Jupiter close to the 
Earth, about 40” when the opposition is 
not so good, and as little as 32” when 
the planet is at its maximum distance 
from the sun. Under ideal conditions, 
Jupiter appears about as big as the moon 
if it is magnified 60 times. Viewed 
through the largest telescopes, Jupiter 
appears five to six times as large as the 
full moon seen with the naked eye. How- 
ever, even binoculars will reveal that 
Jupiter’s disk is actually elliptical, rather 
than perfectly circular, and that its 
longer axis lies along the planet's equa- 
torial zone. 

The flatness at the two poles is due to 


JUPITER AS SEEN FROM NEAR AND FAR— 
Jupiter's apparent size varies according to 
whether it is observed at its perihelion or its 
aphelion: it appears much larger at its peri- 


perihelion 


the giant with the 
mysterious red spot 


the planet’s high rotational speed and to 
its large diameter; these two factors com- 
bine to produce enormous centrifugal 
force, which causes the planet’s equa- 
torial zone to bulge. The pole-to-pole 
diameter is about 1/15 less than the di- 
ameter at the equator. 


HUGE BUT LIGHT 


When a planet is surrounded by a host 
of satellites, as is Jupiter, its mass can 
be easily calculated. With Jupiter the 
calculation is easier still, because its mass 
is great enough to cause obvious distur- 
bances in the movement of Jupiter's 
moons as they pass close to the planet. 
The mass is calculated by working out 
the gravitational effect Jupiter has on 
its moons. On this basis, it has been 
calculated that Jupiter’s mass is exactly 
1/1047.40 of the sun’s mass, or 318.35 
times that of the Earth. 

By dividing the planet’s mass by its 
volume, Jupiter’s density can be deter- 
mined. This turns out to be only 1.35 
times the density of water. This is slightly 


helion (top left) than at its aphelion (bottom 
right). At an intermediate point, its size 
seems halfway between the two. But what- 
ever its position, no star in the sky outshines it. 
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The marked f t each of Jupiter, l 
poles is not t distinctive featy | 
of the giant rotational spe 
is also remark iter is the fastes | 
rotating plane olar system, mal 
ing a complete its axis in aboy 
9 hours and 55 This speed vari 
according to For example, th 
period of rotat e equator is aboy 
9 hrs 50 min, b outside the equi 
torial belt the l of rotation 
creases by abo in. Although thi 
may bring to n differential roti) 


THE CHANGING P The rapidly chang 
ing face of Jupite to the variable ni 
ture of its cloud: jh rotational spect) 
It takes as little jurs for any giv 
feature on the su hange position, 


tion of the sun, the two phenomena dif- 
fer. The s rotational speed increases 
regularly om the equator to the poles, 
whereas /)) ‘ex's rotational speed varies 
irregularly ©. any given latitude belt the 
speed is where the same, but the 
rotation! d of the two hemispheres 
differs. 5: of the spots on Jupiters 


surface n: ta speed of nearly 200 


mi/sec. '}' spots appears and disap- 
pear in th ce of a few days or a few 
months. 

JUPITES \OUGH 

A TELE: E 

Jupiter is of the most rewarding of 
the plane’ mm the stargazers view- 
point; ther: © always something interest- 
ing to sec re is no need to wait until 
the planc! ` 1 a good phase or is close 
to the Eart: since there are few times 
in the ye -hen Jupiter is invisible or 
difficult to «verve. 

Powerfu: <noculars or a small tele- 
scope rev the belt-shaped patches 
crossing tÌ inet parallel to its equator, 
and a pau wide bands completely en- 
circling { lanet are usually visible. 
Through iver telescope, other belts 
are some! isible at higher latitudes; 
these beli ‘n vary in breadth from 
place to | Viewed through a really 
powerful cope under good atmo- 
spheric co ims, the larger belts appear 
to have jap: =! edges, and small spots ap- 
pear from : to time on the rest of the 
planet’s suri. The colors of these spots 


ven, and reddish-brown 
vinst a brown-tinted, ivory- 
colored background. Through the same 
powerful telescope, Jupiter's rotation can 
be observed, since any given spot or 
patch will cross 70 percent of the planet's 
disk in about 2% hrs. 

If an observer makes drawings of the 
Position of Jupiter’s belts every evening 
and compares the drawings, he will see 
how the belts vary in intensity and how 
their latitudinal positions change. Jupi- 
ter’s differential rotation can be observed 
by noticing how the details of two ad- 
jacent belts draw away from each other 
on successive rotations. 


THE MYSTERY OF THE RED SPOT—Studied 
systematically since 1878, Jupiter's red spot 
has long intrigued astronomers. So far no 
one has been able to explain its origin or its 


distinctive color. At the beginning of the 
present century the spot went through a pe- 
riod when it lost much of its color, which it 
has subsequently regained. 
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SEMIPERMANENT FEATURES: 
THE RED SPOT 


Although the belts near the equator shift 
latitudinally a little and vary somewhat 
in intensity, they remain close to the 
planet's equator. These belts give the 
planet its special character, and they are 
classified as a semipermanent feature of 
Jupiter’s surface. The most striking fea- 
ture of the planet's surface, however, is 
the famous “red spot.” 

Although the spot had been observed 
some time before 1878, it was in that 
year that astronomers began a constant 
and systematic study of the spot. The 
spot covers an elliptical area about 30,000 
mi long and about 7,000 or 8,000 mi wide 
and varies in color from an intense brick- 
red to a faint gray. At times it has lost 
all its color and become invisible. 

Theories of all kinds have been put 
forward as to how the spot may have 
originated. One theory claimed that the 
phenomenon was due to “eruptions” on 
the surface of the planet; but if this were 
true the spot would be stationary on 


Jupiter's surface. The “eruptions” theory 
is contradicted by the fact that the spot, 
since the time systematic study began, 
has rotated erratically as much as 1,080° 
in longitude with respect to the clouds 
near it. 


A COLD PLANET 


Jupiter’s temperature can be measured 
with some degree of accuracy, although 
the measuring process is not without its 
problems. These problems arise not from 
the planet’s great distance from the 
Earth, but from the fact that astronomers 
do not know exactly which one of Jupi- 
ters atmospheric layers they are mea- 
suring. 

The layer that is visible to the eye is 
known to have a temperature of about 
—140°C (—220° F). This temperature 
remains the same, due to the heat-giving 
radiation that Jupiter receives from the 
sun. Jupiters temperature is apparently 
due solely to solar radiation, since the 
planet appears to lack any appreciable 
quantity of its own heat. 


JUPITERS SATELLITES | 


Jupiter, the largest of the planets in the 
S system, also has the most satellites. 
At least 12 satellites are known to revolve 
around Jupiter—a planet that almost re- 
sembles a complete solar system in minia- 
ture. 

Of the 12 
enough to rival in 
planets of the solar 
Mars. These four were discovered by 


tellites, four are large 
size the smallest 


em, Mercury and 


JUPITER'S SATELLITE SYSTEM—The numbers 
indicate the order in which the satellites were 
discovered. At the top left is the relationship 


the 
the 


Galileo. Observing Jupiter through his 
telescope, he quickly realized that cer- 
tain celestial bodies surrounding it were 
not just small stars in the background, 
but bodies that followed the planet in its 
movement ac These four 
bodies, Galileo noted, seemed to move 
around Jupiter, which, therefore, seemed 
to resemble a model of the Copernican 
concept of the solar system. 
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planet with 
most “followers” 


In honor of the 
were his patrons, ( 
moons the collectis 
Bodies. 
thology we 


Later, nam 
assigr 
Io, Europa, Ganyn 
order of their inc 
the planet. 

The next of Jupi 
discovered by the 


leo; they would be v 
they were not so cl 
light 


i family, Wh 
gave the fal 
> of Medica] 


id Callisto, 
listance fray 


Discoverer and 
year of di 


the planet, km 


Barnard 1892 
Galileo 1610 
Galileo 1610 
Galileo 1610 
Galileo 1610 
Perrine 1904 
Nicholson 1938 
Perrine 1905 
Nicholson 1951 
Nicholson 1938 
Melotte 1908 
Nicholson 1914 


OF JUPITER—The satellites 


THE SATELI 

are listed | JÍ their increasing distance 
from Jupite ites VIII, IX, XI, and XII re- 
volve in a e direction. 

Edward | in 1892. It is a celestial 
body of t ı magnitude, with very 
weak lig ned by the powerful 
light of tl t, to which it is quite 
near. As i nts for celestial obser- 


vation wi 
seven kn 


JUPITER 
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to be disco 
the others 


fected, the remaining 
llites were discovered. 


ELLITE SYSTEM 
ve of Jupiter's satellites 


have been given names; 
indicated by Roman nu- 


merals in the order of their discovery. 
The four largest are so luminous (Gany- 
mede, for example, is a body of the 5th 
magnitude) that they would be visible 
to the naked eye if they were not so close 
to Jupiter’s bright light. The other satel- 
lites are so weakly luminous that they 
cannot be identified without time-ex- 
posure photography. Satellite V, closest 
to Jupiter, revolves around the planet at 
a distance almost equal to the diameter 
of the planet itself, The most distant 
satellites are so far off that they appear 
to be separated from the planet’s disk by 
a distance equal to three times the ap- 
parent diameter of the Earth’s moon. 

The satellites closest to Jupiter revolve 
around it in 12 hours. The most distant 
take about two years—about 1,500 times 


180,000 
422,000 
671,000 
1,100,000 
1,880,000 
11,460,000 
11,580,000 
11,750,000 
20,920,000 
22,530,000 
23,490,000 
23,660,000 


Sidereal period 
days 


Diameter, 


0.4982 

1.7691 

3.5512 

7.1546 

16.689 

250.62 
254.21 
260.07 
631 
692.5 
738.9 
758 


longer. By comparison, Mercury, the 
planet closest to the sun, revolves around 
the sun in a period that is about 1,000 
times shorter than the time taken by 
Pluto, the most distant of the planets. In 
this sense, Jupiter's satellite system shows 
greater variety than the solar system. 
The comparison of dimensions is no 
less surprising. While the smallest of 
Jupiters moons have diameters of only 
some tens of kilometers and can be con- 
sidered to be modest sized asteroids, 
the largest reach and surpass planetary 
dimensions. Two satellites are about the 
same size as Mercury and only slightly 
smaller than Mars: Ganymede and Cal- 
listo have diameters of 5,020 km and 
4,460 km (about 3,120 and 2,770 mi), 
respectively, while the diameter of Mer- 
cury is about 4,800 km (about 3,000 mi). 


OBSERVING THE SATELLITES 


The larger satellites appear as small disks 
when observed through telescopes with 
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PORTA MOLINO—From this tower in Padua, 
Italy, Galileo discovered the first four satel- 


lites of Jupiter. In honor of his patrons, he 
named the collective bodies Medicean. 
3 
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strong magnification. During the past 
century, many attempts were made to 
identify some permanent marks on the 
surfaces of these larger satellites, and 
only in the last few decades have at- 
tempts been made to draw maps of their 


surfaces. The difficulties encountered 
were enormous. 

Under the best viewing conditions, 
these satellites appear in the telescope 
about a twentieth the size of Mars; seen 
through an instrument with a magnifica- 


tion of 1,000, th 


does through 
Nevertheless, p 
discovered indi 
faces of the 


their atmospher 


ear about as Man 
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MAPS OF THE SURFACES OF THE SATEL- 
LITES—These maps all show similar charac- 
teristics, particularly in that the spots are all 
placed in a certain alignment at the same lati- 
tude. lo and Callisto (A and D) have two rows 
of spots. On lo, the bands with the spots are 
midway between the poles and the equator; 
on Callisto, they are closer to the equator. 
Europa (C) has only one row of spots, located 
on the equator. Ganymede (B) has three rows 
placed irregularly. 


SOLAR ECLIPSE ON JUPITER—This photo- 
graph, taken by the 200-in. Mount Palomar tel- 
escope, shows the satellite Ganymede slightly 
higher and to the right of Jupiter as it projects 
its shadow on the planet. The shadow appears 
as a black disk somewhat larger in size than 
the satellite itself. The strong magnification 
makes the satellite visible as a small disk 
rather than simply a luminous point. 


ECLIPSES, TRANSITS, AND OCCULTATIONS 
interests, four principal satellites provide an 
ese a celestial spectacle—one that can 
a AnaS by anyone with a telescope, even 
evening e. The show varies from evening to 
aldo orie the satellites appear first on one 
EEN e planet, then on the other. Some- 
they seu are so close to one another that 
they are f to merge together; at other times 
able, indisi apart. Published tables are avail- 
the siete ae the day-to-day positions of 
indicus ites with respect to the planet and 
Gone that in advance, the interesting observa- 
Tha io can be made. 

s0 close TRECE satellites revolve in orbits 
near to the e plane of Jupiter’s orbit, and so 
shadow: planet itself, that they project their 

S on the planet whenever they pass in 


front of it. Moreover, every time that the Earth, 
Jupiter, and one of the satellites between the 


two planets are aligned, the satellite’s image 
is projected on Jupiter. If, on the other hand, 
the satellite is behind Jupiter, it is occulted. 

The illustration shows the possible rela- 

tionships between the satellites and the planet: 

1. Eastern elongation (to the left for a ter- 
restrial observer). 

2. Solar eclipse: the satellite projects its 
shadow on the planet, but from Earth is 
seen to the left of Jupiter. 

. Eclipse and transit: from Earth, the satel- 
lite is seen projected on the planetary 
disk; its shadow falls on the planet. 

. Transit: the satellite passes in front of 
the planet, but its shadow does not fall 
on it; the best condition for showing up 


details of the satellite's surface is against 
the luminous background of Jupiter 
rather than the black background of the 
sky, against which the satellite is too 
brilliant. 


. Western elongation (to the right for a 


terrestrial observer). 


. Lunar eclipse: the satellite is hidden by 


the shadow of the planet; when it re- 
emerges it will be in position 8, where it 
will be occulted. 


Satellite elongated (displaced) to the 


right of Jupiter between an eclipse (posi- 
tion 3) and an occultation. 


. Occultation: the satellite, even though il- 


luminated by the light of the sun, is not 
visible, because it is completely hidden 
behind the planet. 
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SATURN | its composition and structure 


As one of the five planets visible to the 
naked eye, Satum—like Jupiter, Venus, 
Mars, and Mercury—has been known and 
studied since ancient times. Until 1781, 
the year Uranus was discovered, Saturn 
was believed to mark the outer limit of 
the planetary system. 

Much less luminous than Jupiter, Sat- 
urn slowly follows its long path along 
the ecliptic, completing a revolution 
around the sun once every 29% years. 
Its average distance from the sun is 
about 886 million miles, almost double 
that of Jupiter, 


DIMENSIONS OF SATURN 


Satum’s apparent diameter varies from 
14” to 20” (seconds of arc), according to 
the planet’s distance from the viewer. Al- 
though Saturn is almost as large as Jupi- 
ter, from the great distance at which it 
is observed it never appears as large as 
Mars. Saturn is an easy subject for ob- 
servation with a telescope, however, be- 
cause its rings have a much greater di- 
ameter than the body of the planet. 

The rings surround the planet at its 
equator, thus masking Saturn’s strongly 
elliptical shape. The disk of Saturn is 
much more flattened at the poles than is 
Jupiter, and is the most flattened of all 
members of the planetary system. The 
polar diameter is about 108,000 km 
(about 67,000 mi), while the diameter at 
the equator is about 121,000 km (about 
75,000 mi)—a difference amounting to 
well over 10 percent of the planet’s aver- 
age diameter. However, when viewing 
the planet’s disk through a telescope, it 
is not easy to see this flattening, because 
Saturn’s rings are situated parallel to the 
larger diameter, producing an optical 
illusion that makes it appear less elon- 
gated than it actually is. 


THE LIGHTEST PLANET 


Saturn is about 9 times larger in diameter 
than the Earth, and approximately 744 


MAXIMUM APERTURE—This color photo- 
graph (Illustration 1) of the planet Saturn was 
taken with a telescope of 1.5 m (about 60 


ALMOST A BRIDGE BETWEEN THE EARTH 
AND THE MOON—The diameter of Saturn's 
outermost rings is 275,000 km (about 171,000 
mi), and is about two-thirds the distance be- 
tween the Earth and the moon. Visible (from 
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inside to out) are the “crepe” ring, the Eo 
tions in brightness of the principal ring, wil 
sini's division, and the outside ring 
Encke's division (Illustration 2) 


times great volume. However, the 


planet's ma ch can be calculated 
easily by ol the period of rotation 
of the satel equal to only about 
95 times th e Earth. Saturn’s den- 
sity is 0.715 this low density, the 
planet wou! if it were placed in 
water. 

Because low density, Saturn’s 
gravitationa is only slightly more 
than that of arth. On Saturn, how- 
ever, the val gravitational accelera- 
tion is 30 1 t greater at the poles 
than at the tor, owing to the ex- 
treme polar \ing. On the Earth, the 
variation of vvitational acceleration 
between the and the equator is 
only 5.3 per 
SPEED OI \TION 
The rotatio turn is difficult to ob- 
serve, Thro telescope the planet's 
surface see ive a very uniform as- 
pect. The £ le details are patches 
in the forn inds resembling those 
on Jupiter h less contrast and no 


indentation E 
bands do n: 


the edges. These 
le an observer to chart 


the planet's on. Sometimes patches 
lasting a shi 1e appear between the 
bands, Whe: e patches survive more 
than one +z 1 of the planet, they 
change shay id size, Only very rarely 
does a patch appear that is large and 


stable enougt 
measurement of 


) allow a fairly accurate 

rotation. Even under 
such conditions, the measurement is un- 
certain because not all large, stable 
patches yield the same figure for the 
velocity of rotation. Because of this, the 
discovery of new patches is always im- 
Portant to the continuing study of Sat- 
urns rotation. Thus, observations by am- 
ateur astronomers provide an important 
contribution to the research of Saturn’s 
rotation, for such observations can pro- 
vide information about new patches in 
time to allow measurements. 

Judging by the periods of rotation of 


the patches, Saturn, like Jupiter and the 
sun, seems to rotate at different speeds 
in different latitudes. Near the planeť’s 
equator, a period of rotation of about 
10 hr and 14 min has been estimated. 
Near the poles the rotation period is 
greater. At a latitude of 36°, it has been 
estimated at 10 hr 38 min. 

The period of rotation can also be esti- 
mated by means of spectroscopic anal- 
ysis of the Doppler effect, the same 
method used to measure the rotation of 
the sun and the recessional speed of 
galaxies. Using this method, the speed 
of Satum’s rotation at latitude 57°, for 
example, is more than one hour slower 
than at the equator. 

Determination of Saturn’s rotational 
variations is made possible by observa- 
tion of the planet’s dense atmosphere, 
with its stable currents of different speeds 
at different latitudes. These are excep- 
tional currents, moving at the equator at 
a speed of nearly 1,500 km/hr (about 
930 mph) in the direction of the planet's 
rotation. 

Saturn’s axis of rotation is inclined 26° 
45’ with respect to the plane of the orbit 
(slightly more than that of the Earth). 
Accordingly, Saturn exhibits a seasonal 
phenomenon corresponding to that of 
the Earth. However, different latitudinal 
zones of the planet receive different 
quantities of light and heat, with the 
result that the atmosphere is heated to 
a greater or lesser degree. Existing in- 
strumentation cannot determine what 
climatic variations take place on Saturn's 
surface, because the surface is covered 
by such a thick atmosphere. 


SATURN THROUGH THE 
TELESCOPE 


As noted earlier, Saturn does not show 
well-defined patches as does Jupiter. The 
surface features that can be seen—par- 
ticularly the large bands parallel to the 
equator—have a longer duration than do 
those of Jupiter. The position in which 


THE INTERIOR OF SATURN 


SS 


these bands appear is remarkably con- 
stant. 

Broadly speaking, Saturn’s polar zones 
are darker than the rest of the planet, 
with a coloration very close to blue- 
green; the equator appears furrowed by 
a yellowish band, while other bands are 
localized in the intermediate zones. 

To the eye, Saturn’s brightness is af- 
fected not only by its varying distance 
from the sun, but by the position of its 
rings. When the rings are seen edgewise, 
they are scarcely visible, sending only a 
negligible amount of light to the Earth. 
At such times, even in opposition, Saturn 
appears of first magnitude. If, on the 
other hand, the planet is in opposition 
with the rings seen obliquely, Saturn 
shines brighter than any of the stars with 
the exception of Sirius and Canopus. 


CHEMICAL COMPOSITION 


The spectroscope is used to study Sat- 
um’s chemical composition. The diffi- 
culties encountered are the same as for 
Jupiter; the lines and bands characteristic 
of only the more predominant molecules 
in the atmospheres of both planets ap- 
pear in the spectrum. 

Saturn has a composition quite similar 
to that of Jupiter. Analysis of the planet's 
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atmosphere shows that it contains more 
methane than ammonia. The reflecting 
power of Saturn’s surface is 0.42, less 
than that of Jupiter and Venus, but much 
higher than Mercury's or the moon's. 
These comparisons are important; they 
show that Saturn has a reflecting power 
comparable to all planets having an at- 
mosphere, and much more than those 
that do not. 
tive quality of atmosphere, astronauts in 


s an example of the reflec- 


space see the Earth as brighter when it 
is covered with clouds than when the 
atmosphere is clear. 


PHYSICAL MAKEUP 


The surface temperature of Saturn is es- 
timated at about —150°C (—238° F), 
making it an icy, forbidding world in 
which ammonia is solidified. However 
the fact that 
been detected, 


traces of ammonia have 


through spectroscopic 
measurement, in Saturn's atmosphere in 
dicates that somewhat higher tempera 
tures prevail above the planet's surface 
This is not the result of heat from inside 
the planet but is caused by the retention 


of some heat from the sun in the upper 
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THE FACES OF SATURN—In its orbit around 
the sun, Saturn's axis of rotation is always 
fixed in space. An observer on the Earth, 
which has a very small orbit in comparison 
to Saturn's, always sees the planet practically 


from the center of its orbit. Thus, according to 
the position of Saturn, the rings are visible 
to a greater or lesser degree. In positions a 
and a', when the rings are seen edgewi 
they are almost invisible because they are so 


thin. In b and c, t 


to the maximum ext 


spectively, from the 
These are the best p 


nosphere, 


Illustration i 
) that of Jug 
iss and gray 
of the plang 
at is its may 
l, so that # 


s volume (I 
ve rise toy 
nsity, fori 
thin in com 
tal radius: 


—_——= 


rings are Si 
ire visible, fi 
from the sol 


for observation 


SA 


In 1610 
Saturn 


primitive 
confusec 
with wh 
on eithe 


THE DAN 


ellites o 
ternal di 


1 


TRN’S RINGS | planetary ice and gravel 


fixed his telescope on 
>d that the planet 
appearance. His 

ent showed him only a 
of a spherical planet 
i to be a celestial body 
This sighting was the 


—None of Saturn's sat- 
the planet than the ex- 
the ring system. On the 


cause of much perplexity; if Saturn, like 
Jupiter, was accompanied by two moons, 
why were they so large, comparable in 
size to the planet itself? And why did 
they not rotate around it? Galileo's per- 
plexity increased when, making an ob- 
servation of Saturn several years later, 


other hand, the material that forms the rings 
is closely confined within the limits of the 
largest of the rings. Between the external di- 


he saw the planet without its two 
“moons.” 

Galileo’s questions were answered 
some years later. In 1655, the Dutch 
astronomer Christiaan Huygens, observ- 
ing Saturn through a much more power- 
ful instrument than Galileo had used, 


ameter of the rings and the orbit of the closest 
satellite is a zone where any intruding planet 
or satellite would be destroyed by tidal action. 
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RINGS OF DUST PARTICLES—This imagina- 
tive representation shows Saturn's rings, which 
are probably made up of ice and gravel frag- 
ments orbiting the planet. 


saw an extremely large ring around the 
planet. In 1675 the Italian astronomer 
G. D. Cassini, with a still more powerful 
instrument having a resolving power of 
1” (one second of arc), noted that the 
ring was divided into two parts separated 
by a dark streak (subsequently named 
Cassini’s division). Later, with the ad- 
vent of more powerful telescopes, it was 
discovered that Saturn has three rings. 


THE COMPOSITION OF 
SATURN’S RINGS 


The question of what exactly Satum’s 
tings are made of has occupied genera- 
tions of astronomers. By spectroscopic 
observation, it has been determined that 
the rings rotate. Astronomers cannot see 
markings on the surfaces of the rings 
that would prove a rotary movement; 
however, as in studies of the sun, spec- 
troscopic analysis has established both 
the fact and the speed of rotation, It has 
been demonstrated that the rings do not 
rotate as a rigid body, but that the ring 
nearest the planet rotates more rapidly 
than that farthest away. The variation 
in speeds is consistent, and the differ- 
ence in speed indicates that each ring 
rotates independently of the others. It has 
been observed, moreover, that the more 


THE RINGS—Some of the more interesting 
characteristics of Saturn's rings can be seen 
through a powerful telescope. Their external 
diameter is well over 275,000 km (about 
170,000 mi), exceeding the equatorial diam- 
eter of the planet by nearly 153,000 km 
(about 95,000 mi). A powerful telescope will 
also reveal the chief division of the ring, which 
takes its name—Cassini's division—from its 
discoverer. It divides the ring Into two con- 
centric rings, the Inner of which Is much 
brighter than the outer. The outer ring, called 
ring A, Is about 16,000 km (about 10,000 mi) 
wide. The breadth of Cassini's division Is 
estimated at about 2,800 km (about 1,750 ml) 
and the brighter ring, ring B, Is about 26,500 
km (about 16,500 mi) wide. The brightness of 
ring B decreases from the outer to the Inner 
edge where it is separated from a third ring 
by a gap of about 1,000 km (some 620 mi). This 
third ring, the innermost of all, is called the 
“crepe ring,” or ring C. This transparent ring, 
about 16,000 km (some 10,000 mi) wide, is 
very difficult to detect. Between its inner edge, 
which is not clearly defined, and the surface 
of the planet is still another gap of about 
11,000 km (about 6,800 mi). The body of the 
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THE SIZE OF THE SATELLITES—As can be 
seen, one of Saturn's satellites is larger, and 
the rest are smaller, than the moon, 


ngs are struck by the 
intense is the light 
ngs. This variation in 
je explained by the 
rings are composed 
urticles—that is, par- 
ng solid matter, ro- 
lanet like a swarm of 
It could be 
lanet is surrounded 


orites. 
ons” as is Saturn. 
LITES 


has a large number 
fact. They form a less 
than Jupiters but, 


several 


important 
iter has four satellites 
shtness (with a great 


gap in brightness between them and the 
others), which are visible only with spe- 
cial instruments. Saturn, on the other 
hand, has satellites whose brightness de- 
creases progressively, beginning with the 
largest—Titan—which is visible through 
a small telescope. The following table, 
which sets out the particulars of Saturn’s 
satellites, shows at a glance that many 
of the planet's satellites are observable 
through a small telescope. Some of these 
—Iapetus, Rhea, Tethys, Mimas, and 
Hyperion—are about tenth magnitude. 
The exact diameters of these satellites 
are necessarily uncertain because of their 
immense distance from the Earth. How- 
ever, their masses have been determined 
with considerable accuracy because of 
the mutual gravitational attraction ex- 
ercised by the satellites on one another. 


SATURN'S SATELLITES 


distance from 
Saturn’s center, visual diameter, 
name discoverer year km magnitude km 
Janus Dollfus 1966 160,000 14.0 300 
Mimas | Herschel 1789 185,000 12.1 480 
Enceladus | Herschel 1789 240,000 11.8 640 
Tethys 1684 290,000 10.3 970 
Dione 1684 380,000 10.4 970 
Rhea 1672 530,000 9.8 1,290 
Titan C. Huygens 1655 | 1,220,000 8.4 4830 
Hyperion | W. and G. Bond; | 1848 1,480,000 14.2 480 
W. Lassell 
Tapetus G. D. Cassini 1671 3.560.000 | 10.1to11.9| 1,130 
Phoebe W. H. Pickering | 1898 | 12,950,000 16.5 160 


The satellite having the largest mass— 
about twice that of the moon—is Titan. 
The smallest is Mimas. 


TWO EXCEPTIONAL SATELLITES 


The satellites Titan and Phoebe have un- 
usual characteristics. Titan is the largest 
of Saturn’s moons; while its size does not 
equal Jupiters Ganymede, it is larger 
than Callisto, lo and Europa. A spectro- 
scopic analysis of Titan’s light reveals 
that the satellite’s atmosphere is rich in 
methane; calculation proves that it is 
possible for this type of atmosphere to 
remain on the satellite only if its temper- 
ature is close to the temperature of Sat- 
um—about —150° C (—238° F). 

Phoebe, remarkable for its retrograde 
motion, rotates around Saturn in a direc- 
tion opposite to that of the other satel- 
lites—and opposite to the direction the 
planets revolve around the sun. Jupiter's 
eighth and ninth satellites also move in 
a counterclockwise direction. This pecu- 
liarity of motion leads to the assump- 
tion that these satellites are captured 
asteroids. 

Many of Saturn’s satellites show peri- 
odic variations in brightness that corre- 
spond to the time taken to rotate around 
the planet. Therefore, it is likely that 
they have surface markings that are al- 
ways visible, and that these satellites al- 
ways show Saturn the same face—just as 
the moon does the Earth. The widest 
variation in brightness is that of Iapetus, 
which appears more than five times 
brighter when it is west (to the right) of 
Saturn than when it is east. 
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URANUS | Herschel’s “comet” 


On the night of March 13, 1781, the am- 
ateur English astronomer William Her- 
schel made a major discovery—the planet 
Uranus. Using a homemade 7-in. reflect- 
ing telescope, Herschel had been carry- 
ing out a systematic inspection of every 
star and nebula he could find in the sky. 
While focusing on a region in the con- 
stellation of Gemini that night, he ob- 
served a fuzzy, greenish object larger 
than a star. Curious about the nature 
of this new celestial body, he observed 
it again on the following evening, and 
noted that it had moved from its original 
position. 

Herschel concluded from his observa- 
tions that this was an object that moved 
within, or close to, the planetary system 
Though he had not yet determined its 
exact nature, Herschel announced that 
he had discovered a new comet, and 
asked other astronomers to help deter- 
mine its orbit. 


THE NEW PLANET 


After a year of observation and calcula- 
tion, the orbit was found to be almost 


circular—unlike the long, narrow, ellipti- 
cal orbit of a comet. The object was 
obviously a new planet, with an orbit 
beyond that of Saturn. It was named 
Uranus, in honor of the Greek god who 
personified heaven. 

As more and more of the orbit of Ura- 
nus was observed, it became evident that 
Herschel had not been the first to see 
this planet. Examination of astronomical 
records showed that Uranus had been 
seen and noted by astronomers twenty 
times in the hundred years before Her- 
schel’s discovery. Each time, its position 
had been noted, and it had been listed 
as a star. Using these previous position 
notations, astronomers were able to de- 
termine the entire orbit of the planet 
with increasing precision. 


THE ORBIT OF URANUS 


Calculation of the orbit of Uranus showed 
that it revolves in an elliptical orbit at 
2,869,500,000 km (about 1,783,000,000 
mi) mean distance from the sun. The dif- 
ference between its maximum and min- 
imum distances from the sun is more than 


URANUS —This view 
(Illustration 1) shows 
a few details —the 
planet's greenish-gray 
color, and very faint 
clouds and faint bands 
parallel to the equator. 


URANUS’ SATELLITE 
SYSTEM—The five sat- 
ellites rotate at a 98° 
angle of inclination to 
the planet's plane of 
revolution about the 
sun. 


Titania 


Oberon 
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271,000,000 km (about 168,000,000 mi)— 
greater than the distance between the 
Earth and the sun. 

Uranus rotates on its axis every 10 
hours and 49 minutes and orbits the sun 
approximately once every 84 years. The 
axis of rotation is nearly in the plane of 
the ecliptic rather than nearly perpen- 
dicular to the ecliptic, as for most other 
planets. Since Uranus moves in such a 
large orbit, the relative distance of the 
greenish planet from the Earth varies 
little, Its luminosity is, for all practical 
purposes, the same, no matter where it 
is observed. Uranus shines like a star of 
the sixth magnitude, and can be observed 
with the unaided eye, once its position 
is known. 


URANUS THROUGH THE 
TELESCOPE 


Details on the surface of Uranus are dif- 
ficult to view through the telescope. The 
planet has approximately the same lumi- 
nosity as Jupiter's satellites, and appears 
as a small, greenish disk in the amateur’s 
telescope. It has an equatorial diameter 
of 46,700 km (about 29,000 mi)—about 
3.6 times that of Earth; its distance 
from Earth is so great, however, that it 
receives about 350 times less of the sun’s 
light than does the Earth. Such a poorly 
lit subject does not easily reveal its de- 
tails. 

Major telescopic examination has re- 
vealed surface spots similar to, although 
less obvious than, those seen on Saturn. 
The disk of Uranus is quite elliptical, and 
its poles are measurably flattened. The 
short rotational period of the planet prob- 
ably accounts for this polar flattening. 

The visual magnitude of Uranus at 
mean opposition is 5.44, according to the 
photoelectric measures made by H. L. 
Giclas at the oppositions of 1950, 1951, 
and 1952. (Opposition is a configuration 
in which one celestial body is opposite to 
another in the sky or in which the differ- 
ence in longitude is near or equal to 180 


degrees). All published observations of 
Uranus from 1864 to 1932 led W. B. 
Becker to the conclusion that there was 
a well-defined variation in the brightness 
of Uranus, having a period of 8.4 years 
and a visual amplitude of 0.31 magni- 
tudes. From observations made between 
1936 and 1947, J. Ashbrook also found 
evidence for an eight-year period. From 
his photoelectric measurements of 1950 
to 1952, however, Giclas found no varia- 
tions in brightness; neither did he detect 
any short-term variations that could be 
ascribed to the rotation of the planet. 
The first visual observation of the dark 
bands in the spectrum of Uranus appar- 
ently was made by the Italian Jesuit and 
astrophysicist Angelo Secchi in about 
1870. Several pioneers in astronomical 
photography made photographs of the 
spectrum of Uranus in the last quarter of 
the 19th century. In 1909 V. M. Slipher 
published a series of photographs of the 
spectra of the planets from the violet to 
the limit of the visual red. The spectra of 
the giant planets show dark absorption 
bands that grow stronger progressively 
from Jupiter to Neptune. The bands are 
so strong in the spectra of Uranus and 
Neptune that they absorb most of the 
light in the yellow, orange, red, and in- 
frared regions. This accounts for the 
bluish-green tint of these planets. The 
substance that produces this absorption 
remained unknown until 1932, when R. 
Wildt showed that the most prominent 
planetary markings occur at the positions 
of bands of ammonia and methane ob- 
served in laboratory spectra. Wildt's 
work was later confirmed and extended 
by A. Adel and Slipher at the Lowell Ob- 
servatory, Flagstaff, Arizona, and by W. 
S. Adams and T. Dunham, Jr., at Mount 
Wilson Observatory, near Pasadena, Cal- 
ifornia. The bands of ammonia are more 
prominent in the spectrum of Jupiter but 
are much weaker in Saturn, probably be- 
cause of its lower temperature. On 
Uranus and Neptune, with a surface tem- 
perature of about —200°C (—328°F), 
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Uranus, allowing for mutual perturba- 
tions—the gravitational force the planets 
exert on each other. For Jupiter and Sat- 
urn these tables proved correct, but for 
Uranus they were unsatisfactory. 

There was, of course, a possibility of 
error in the recorded observations of Ura- 
nus. As years passed, however, and more 
observations were made, it became in- 
creasingly clear that the deviation of the 
planet from its proper orbit was actual 
and not a result of observational error. 
On the supposition that the calculations 
had been wrongly based, the astronomers 
looked for new factors: different positions 
of the perihelion, different eccentricities 
of the ellipse. They found nothing to ac- 
count for the discrepancies. 


URBAIN J. J. LEVERRIER—This French as- 
tronomer is credited with the “desk discovery” 
of the planet Neptune. After he completed his 
theoretical calculations, the German astron- 
omer Johann Galle confirmed the position of 
the planet by observation. 
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The orange lines show the direction of the 
perturbative effect of the unknown planet Nep- 
tune (on the outer blue circle) in different 
years. 


Two hypotheses could be advanced: 
either Newton’s mechanics, which had 
shown that it was possible to predict the 
movement of any planet with absolute 
accuracy, were wrong; or some unknown 
and invisible perturbative body was caus- 
ing Uranus to deviate from its predicted 
path. Of the two hypotheses, astronomers 
found it easier to accept the latter. By the 
early 1840s, astronomers in several differ- 
ent parts of the world were convinced of 
the existence of another planet beyond 
Uranus. 


THE DISCOVERY 


In Paris, the task of determining where to 
look for the unknown planet was under- 
taken by a brilliant young astronomer, 
Urbain J. J. Leverrier. After a relatively 
brief period of study, Leverrier concluded 
that the planet should be visible, through 
a telescope, in the constellation of Aquar- 
ius near the celestial longitude of 326°. 
He communicated this information to the 
French academy and to Johann Galle, 
then chief assistant at the Berlin Observ- 
atory. 

On the night of September 23, 1846, 
Galle began a telescopic search of the 
area of the sky indicated by Leverrier. 
The search was unsuccessful. Then an- 
other astronomer suggested referring to 
a very complete star map that had re- 
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NEPTUNE AND ITS SATELLITES—Triton re 


volves around Neptune in a circular orbit while 
Nereid, much more distant, revolves 
liptical orbit and in th 
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this illustration, the e by which the planet 
and sate s are represented is ten time 
greater than the scale by which the orbits are 
represented. 


cently been completed at the Observ- 
atory. When the men compared the stars 
on the chart with those visible in the sky, 
they found one star of the seventh mag- 
nitude that was not on the chart. 

On the following night Galle again ex- 
amined that part of the sky. He found 
that the new star had moved a distance 
equal to that forecast for the unknown 
planet. The mystery was solved, and a 
new planet had been discovered. 

Meanwhile, a similar investigation was 
being carried on in England. At Cam- 
bridge University and at Greenwich 
Royal Observatory, John C. Adams calcu- 
lated, independently of Leverrier, where 
the unknown planet should be. Late in 
1845, Adams communicated the results 
of his work to Sir George B. Airy, director 
of the Greenwich Observatory, and to 
James Challis of the Cambridge Observ- 
atory, At Airy’s suggestion Challis began 
a telescopic search, but he used a slow 
method: he planned to remeasure and 
remap all the stars in the indicated area 
of the sky, and to confirm his work by re- 
peating his observations. He would then 
compare the two charts to see if any star 
had changed position. If Challis had not 
waited to complete all his observations 
before drawing the stars on his charts, he 
might have discovered the new planet 
before Galle did. Challis actually ob- 


served Neptune on August 4, 1846, but 
he did not realize that it was the new 
planet he was looking for. 

The search for the new planet seems 
to have been carried out with an air of 
calm detachment rather than excitement, 
perhaps because the astronomers were so 
certain of the existence of the planet. It 
is said that Leverrier felt no particular 
desire to look through a telescope and 
actually see the planet whose position 
he had predicted. 


CRITICISM OF THE 
DISCOVERERS 


Scientists everywhere received news of 
the discovery with great enthusiasm. 
Never before had an important dis overy 
been predicted by a “desk scientist,” who 
worked, not with a telescope and other 
complex instruments, but with pencil and 
paper. 

Unfortunately, considerable bickering 
developed between the institutions and 
nations involved, concerning who was to 
receive credit for the discovery. Lever- 
riers calculations were made public first, 
but Adams’ calculations turned out to be 
more nearly correct. The orbit of Nep- 
tune proved to be more nearly circular 
than Leverrier had predicted, and the 
mean distance of Neptune from the sun 
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possible to see any surface markings on 
it, or to measure any flattening at the 
poles. It is possible by other means, how- 
ever, to estimate both velocity of rota- 
tion and polar flattening. The shape of 
the planet affects the orbit of the satellite 
that revolves around it, and by observing 
this perturbation and measuring it, as- 
tronomers have estimated the amount of 
polar flattening and equatorial swelling. 
The equatorial swelling is caused by the 
rotation of the planet, and its amount de- 
pends on two factors: the velocity of rota- 
tion and the distribution of density inside 
the planet. Astronomers believe that the 
internal composition of Neptune is simi- 
lar to that of Jupiter and Saturn, since 
the density is similar. A computation of 
these factors and the results of spectro- 
graphic observation indicate that Nep- 
tune’s period of rotation is about 15.8 


hours. 


NEPTUNE’S SATELLITES 


Seventeen days after the discovery of 
Neptune, the English astronomer Wil- 
liam Lassell discovered the satellite Tri- 
ton a little less distant from the planet 
than the moon is from the Earth. Triton’s 
luminosity is that of a 13.6 magnitude 
star; its “diameter is about 4,000 km 
(about 2,500 mi). Triton revolves once 


around Neptune at a mean distance of 
354,200 km (220,000 mi) in about six 
days, following a circular orbit with ret- 
rograde motion; that is, in the direction 
opposite to the direction Neptune rotates 
on its axis. 

In 1949 a Dutch-American astronomer, 
Gerard Peter Kuiper, undertook photo- 
graphic research in order to discover the 
possible presence of other satellites. This 
led to the discovery of a second body, 
the satellite Nereid, which has the lumi- 
nosity of a 19.5 magnitude star. Nereid 
moves in a strongly elliptical orbit in the 
same direction as Neptune’s rotation, op- 
posite to the direction Triton moves. This 
led astronomers to believe that Nereid 
is a satellite recently captured by Nep- 
tune rather than a satellite born with the 


planet. 

Nereid revolves around Neptune in a 
period of 359.4 days. The mean distance 
or length of the semimajor axis of the 
satellite’s orbit is 5,578,650 km (or 3,465,- 
000 mi), but the eccentricity of the orbit 
is so high (0.76) that Nereid may ap- 
proach as close as 1,339,520 km (832,000 
mi) to Neptune and recede as far as 
9,821,000 km (6,100,000 mi). Kuiper esti- 
mated that Nereid is 180 mi. in diameter 
and 1/4,000 as massive as Triton (which 
has 0.22 times the mass of the Earth or 
1.8 times the mass of the Earth’s moon). 
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PRETO 


From that night in 1609, when Galileo 
first turned his telescope on the heavens, 
astronomers have discovered three more 
planets in the solar system. The first of 
these discoveries was made in 1781 by 
Sir William Herschel, who observed a 
strange celestial object moving in a con- 
sistent pattern. The object was the planet 
Uranus, some 2,869,500,000 km (about 
1,783,000,000 mi) from the sun. 

With the discovery of Uranus, it 
seemed—at least for a few years—that 
man had probed to the farthest reaches 
of the solar system. Continued study of 
the orbit of Uranus, however, revealed 
perturbations that convinced astrono- 
mers that one or more unseen planets 
existed farther out in the solar system. 
This conviction was proved correct in 
1846 when the English mathematician 
John Couch Adams and French astrono- 
mer Urbain Leverrier, working indepen- 
dently, discovered the planet Neptune, 
orbiting approximately 1,700,000,000 km 
(about 1 billion mi) farther from the sun 
than Uranus. Encouraged by this dis- 
covery, astronomers began a systematic 
probing of the skies in search of still 
another planet that they believed moved 
even beyond Neptune’s orbit. 


THE DIFFICULTY OF THE 
NEW UNDERTAKING 


The problem was difficult. First of all, 
there was the substantial difficulty of 
observation, because any planet beyond 
Neptune would be so far from the sun 
that it would have little of its reflected 
brilliance. The search must be made 
among many faint stars rather than 
among those that shone as brightly as 
Neptune. In fact, there were some 20,000 
stars of about the same brightness as 
Neptune (the actual number studied 
was considerably less, inasmuch as the 
search for Neptune was restricted to a 
small area of the sky). In the search for 
another planet beyond Neptune, how- 
ever, calculations indicated that the new 
planet might be found anywhere in a 
vast area of the sky. 

A second major difficulty lay in the 
fact that calculations could not provide 


a difficult discovery 


A STRONGLY INCLINED ORBIT—Pluto’s or- 
bit lies on a plane inclined about 17° with re- 
spect to the plane of the Earth’s orbit, the 
greatest inclination of any planetary orbit. This 
fact has led to the theory that Pluto may be a 
lost satellite of Neptune. The perturbations 
caused by the unknown planet on its neighbor 
Neptune were extremely difficult to calculate; 
as a result, the photographic search for Pluto 
was made over a vast area of the sky. 


any accurate clues to the unseen planet's 
probable location: Bode’s law could not 
help in predicting the planet's distance 
from the sun, because the law had proved 
unreliable in the search for Neptune. 
Furthermore, astronomers suspected that 
the planet's orbit would be drastically 
inclined in comparison with the orbits 
of the other planets. The search, there- 
fore, would have to be concentrated far 
above or below the ecliptic—the projec- 
tion of the plane of the Earth’s orbit onto 
the celestial sphere, 

Finally, the perturbations influencing 
Neptune were by no means as obvious 
as those exerted by Neptune on Uranus 
—an important factor that had aided 
Adams and Leverrier in their discovery, 
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THE FIRST SEARCHES FOR 
THE UNSEEN PLANET 
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an exhaustive search made. This search, 
which lasted from 1929 to 1945, had as 
its objective not only the discovery of the 
unseen body influencing Neptune but 
also the location of any other unknown 
objects, such as asteroids, that might be 
revolving around the sun outside Saturn’s 
orbit, 


THE INSTRUMENT USED 
IN THE SEARCH 


Before undertaking the search for Pluto, 
Lowell Observatory technicians con- 
structed and mounted a special photo- 
graphic lens with a diameter of 32.5 cm 
(about 13 in.) and a focal length of 169 


in. This lens produced extremely clear 
images on plates of 35 x 43 cm (about 
14 to 17 in.). A one-hour exposure re- 
corded the presence of stars of about 
magnitude 18. 

When the instrument was pointed 
away from the Milky Way, a one-hour 
exposure recorded about 40,000 stars. 
Near the Milky Way, the number of stars 
on each plate reached the million mark. 
In the plates in which Pluto finally was 
discovered, the number of stars totaled 
nearly 400,000. 


THE SEARCH FOR PLUTO 


Innumerable devices were employed to 
locate the position of a celestial body 
that calculations had predicted with 
great uncertainty. Three positive plates 
were made of each area of sky. The same 
area was then rephotographed after a 
time. Three plates were used to assure 


accuracy. Comparison of the two sets of 
photographs would reveal the movement 
of any celestial body. This comparison 
was made with a blink microscope, a 
basic instrument, until about 30,000 stars 
a day were being checked. 


THE DISCOVERY OF 
THE PLANET PLUTO 


On February 18, 1930—in a pair of plates 
that reproduced an area of sky near the 
star Delta in the constellation of Gemini 
—the Lowell astronomer Clyde Tom- 
baugh finally found the new planet. An- 
other camera had photographed the 
same area of sky on the same night and 
it, too, had revealed the planet. On Feb- 
ruary 19, still another photograph of the 
area was taken as a check on what had 
already been recorded; and in this photo- 
graph, the new planet had moved as 
much as could have been predicted from 


ECCENTRICITY OF PLUTO'S ORBIT—Pluto’s 
elliptical orbit is so eccentric that only the 
orbits of some asteroids are more unusual. 
This diagram of the external part of the solar 
system shows that Pluto comes closer to the 
sun than Neptune. The intersection of the 
orbits of these two planets is only apparent, 
however, because—due to their respective 


2 


inclinations—the points of intersection are 
formed by lines on different planes. (The dia- 
gram is limited to Jupiter, Saturn, Uranus, 
Neptune, and Pluto, because the orbits of the 
planets nearer the sun are too small to be 
seen. That of Mercury, for example, would be 
smaller than the disk of the sun.) 
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THE DISCOVERY OF PLUTO—On January 21 
and 29, 1930, a pair of plates was exposed at 
the Lowell Observatory. Against the back- 
ground of stars, an object was found that 
moved in a manner similar to that predicted 
for the planet that had been sought for years. 


The discovery of the new planet's existence 
was verified on February 18 and 19 of the 
same year when analysis of the plates was 
completed. The movement of Pluto across the 
sky is indicated by arrows in the illustration. 


THE AREA COVERED IN THE SEARCH FOR 
PLUTO—This illustration shows, by means of 
a polar projection known as a planisphere, 
the area (shaded) in which astronomers looked 
for the unknown planet among stars as faint 
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examining the plates of the previous 
night. 

The large number of astronomers who 
immediately took up observation of 
newly discovered Pluto were disap- 
pointed. They had expected a planet 
having a magnitude of at least 13, but 
the new planet had a magnitude of 15. 
Furthermore, a comparison between the 
planet's visual appearance and its ap- 
pearance on film disclosed that Pluto 
was very different from Uranus and 
Neptune. It had been thought that any 
new, distant planet would be similar to 


as magnitude 17. The dotted areas indicate 
where a search was made among stars as 
faint as magnitude 14. The sinusoidal line rep- 
resents the ecliptic. 


its two nearest neighbors, so that most 
astronomers did not at first believe a new 
planet had been discovered at all. 


THE CONTINUATION 
OF THE SEARCH 


The discovery of Pluto—which was an- 
nounced on March 13, 1930—did not 
interrupt Lowell Observatory’s major 
project: the search for other celestial 
bodies revolving around the sun beyond 
Satum’s orbit. Some were found, along 
with many other interesting objects—in- 


cluding a 


cluster, Many op 
clusters, a 


of 1,800 galaxies, ; 

steroids, and aby 
Besides these, th 
xtragalactic nebul 
plates. 


comet, 145 
1,807 varial 
images of 

were record 


THE NEW T 


Clyde Tomł 
planet, and } 
of Pluto for 


world 


e discoverer of th 
sues chose the nam 
w body. This tiy 
circle | 


in once every Å 
years in an orbit that is i 
clined about 1 respect to thatd 
the Earth. I xean distance fron 
the sun is ab billion miles, yet d 
perihelion ill occur in 1% 
Pluto will c er to the sun thi 
Neptune dot gh the two planeti 


orbits cross « r, Pluto cannot o 
lide with N ecause GETAN 
treme its orbit, The e 
rbit has led som 
e that Pluto ont 
Neptune, breakin 
of the solar syste 
listant orbit. 
difficulty, Pluto! 
blished at approt 
jut 3,700 mi), It 
about 0.1 that o 
o, its density mu 
ightness of Pluto 
nt in a period d 
that its surface | 
nd that the plan 
6.39 days. Sint 
net is very limite 
s have yet to 


inclin 
centricity of | 
astronomers t 
was a satellit 
away in the « 
to travel on i 
After 
diameter has be 
mately 5,000 4} 
mass is though 
the Earth's. If t} 
be very high 


consic 


varies about 10 
6.39 days, indica 
not uniformly bri 
rotates 
knowledge of this pla 
however, exact val 
established. 


once eve 


PLANETS BEYOND PLUTO? 


The Schmidt telescope, invented in N i 
provided astronomers with an am 
new optical system for use as 4 W 
angle camera. With such instan 
advanced research may be carried A 
in the future. The major difficulty 
searching for additional planets ¥ : 
identification of very faint bodies a 
hundreds of millions of stars. ra 
Pluto was discovered, the Lowell I 
servatory examined 90,000,000 sa 
images. In the future astronomer y 
bodies, eit! 
uto’s obi 


w 


discover even smaller 


nearer or farther away than Pl 


PATE 


The modern 
be considere« 
three phases 
astronomers ! 
from the sta 

to their teles: 
tending fron 
century until 
acterized by 
classical res« 
anc 


of astrophysics may 
ving passed through 
st phase began when 
i how to analyze light 
ching spectrographs 
he second phase, ex- 
nning of the present 
War II, was char- 
donment of narrowly 
the part of astrono- 
neentration on the 
istronomy, particu- 
special instruments 
ing telescopes. The 
nt phase is distin- 
ect exploration of 
ssibilities that were 
nagination. 
onomical investiga- 
rried out from the 
imited because the 
seriously with tele- 


mer 
physical asy 
larly by con 
such as lar; 
third and 
guished by 
space, prom 
previously be 

The scope 
tion that ca 
Earth’s surf 
atmosphere 


scopic obser nature of the sur- 


face of the planets can best be 


investigated ing these locations. 
Even the s be observed more 
efficiently fr icecraft than from 


the Earth, f 
do not penet 
The actus 
necessarily y 
search into t 
dertaking suc 
was character 
into the upp: 
spectra and s 
tively analyz 
face; in this \ 
discovered. Ey 
were obtained | 


n stellar radiations 
Earth’s atmosphere. 
ition of space was 


by considerable re- 
ems involved in un- 
ition. The first stage 
ending instruments 
phere, where stellar 
ould be more effec- 

ı at the Earth’s sur- 
any new facts were 
nore important results 
lacing the instruments 


in artificial satellites. In modern termi- 
nology, suborbital flights were followed 
by the orbital flights of unmanned satel- 


lites, The next phase was to use manned 
satellites, and to send both unmanned 
and manned spacecraft beyond the 
Earth’s orbit, to the moon and the plan- 
ets—the current phase. The next phase, 
Which can be realized in a relatively 
short time, is the establishment of orbital 
and lunar stations. Plans were being 
formulated in 1970 for the development 
qe orbiting space station and a shuttle 
i nsportation spacecraft. The space sta- 
ion would be about 5 m (15 ft) in di- 
ameter and about 12 m (40 ft) long. Op- 
erating in near-Earth orbit, it would be 


SUBORBITAL FLIGHTS—In this representation 
of the first 400 km (about 250 mi) of the 
Earth’s atmosphere, the parabola represents 
the trajectory of a rocket’s suborbital path. 
Such a rocket is launched almost vertically— 
that is, at an inclination of about 85°, and, 
therefore, has a very narrow trajectory that is 
a segment of an elliptical orbit. The range of 
the rocket’s effectiveness for astrophysical ob- 
servations is between 100 and 200 km (about 
60 and 125 mi); below 100 km the atmosphere 
is too dense. 

From ground level to 2 km (about 6,500 ft) 
the air is so dense that it holds dust particles 
and water droplets in suspension, especially 
under turbulent conditions, and so impedes 
such observations as that of the solar corona; 
for this reason the lowest level at which a 
coronagraph should be set up is generally 
recognized as 2,500 m (about 8,200 ft). This 
altitude is indicated on the illustration by the 
dot-and-dash line just above the ground. Co- 
ronagraphs are often installed at altitudes of 
4,000 m (about 13,100 ft) or more in order to 
avoid the denser layers of the lower atmo- 
sphere. Even at this altitude, however, atmo- 
spheric turbulence seriously hinders astro- 
nomical observations. Inasmuch as the layers 
of air have different densities because of vary- 
ing temperature and humidity, their perturba- 
tion gives a twinkling appearance to the stars 
and a waviness to images in a telescope—the 
latter detracting from the resolving power of 
the instrument. 

At the end of 1950, during an interesting 
experiment, an observer was sent up in the 
pressurized cabin of a balloon to an altitude 
of about 30 km (about 18.5 mi). From this 
altitude, where the sky is so dark even in day- 
time that the planets are visible, the observer 
was able to study Mars telescopically under 
particularly favorable conditions—better than 
can be observed from the Earth’s surface with 
a telescope much larger than the observer 
used—because at that altitude no atmospheric 
turbulence exists and the air layers do not 
have variable refraction indices that can dis- 
tort an optical image. It is not practical, how- 
ever, to carry large telescopes in balloons. 
Such experiments were superseded by others 
made with rockets and orbiting satellites. 

One reason for making observations at alti- 
tudes of at least 100 km (about 62 mi) is that 
the rarefied atmosphere permits the observa- 
tion of long-wave ultraviolet light. The Earth's at- 
mosphere, and particularly its oxygen, screens 
out ultraviolet light with wavelengths shorter 
than 2,000 A (Angstroms); unfortunately the 
Lyman alpha line of the hydrogen spectrum 
is below this level (1,216 A). Because most 
bodies in space are composed largely of hy- 
drogen, the observation of this line in the 
spectrum is of fundamental importance; this 
is not possible from the Earth’s surface or even 
from an altitude attainable by a balloon, but 
only from altitudes exceeding 100 km, attain- 
able only by rockets and artificial satellites. 

Weak x-rays are also detectable at altitudes 
exceeding 100 km. This kind of radiation 
comes from space, from certain sources asso- 
ciated with the history of supernovas, gravi- 
tational catastrophes, pulsars, and neutron 
stars. This is another reason for making ob- 


servations from higher altitudes. : 


TW AYS TO SP ACE | beyond the Earth’s atmosphere 


At altitudes exceeding 200 km (about 125 
mi), it is possible to study the composition of 
the micrometeorites that fall out of space to- 
ward the Earth; below that altitude their spec- 
trum is greatly changed by fragmentation. For 
that reason orbital flights were substituted for 
the earlier use of high-flying rockets that ex- 
posed an optically smooth but thin surface to 
the bombardment of these small particles. 

Finally, the atmosphere is virtually unde- 
tectable at altitudes above 400 km (about 250 
mi); all that can be detected is the solar wind, 
a stream of highly rarefied matter originating 
with the sun. 

These, then, are the reasons that encouraged 
astrophysical researchers to go beyond the 
atmosphere in order to learn more. 
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ORBITAL FLIGHTS—The upper illustration 
shows the path of an orbit around the Earth 
followed in certain astronomical expeditions. 
The rocket rises vertically from the launching 
site a and then, as its various stages are 
ignited, slowly tilts until it parallels the Earth's 
surface in circular orbit around the Earth. At 
a predetermined altitude b, the velocity is in- 
creased so that the circular orbit becomes an 
elliptical orbit, with b as its perigee (closest 
approach to Earth) and c as its apogee (the 
point most distant from Earth). When the sat- 
ellite reaches apogee, jet thrusters are fired 


to increase the velocity once more so that 
the orbit again becomes circular, this time at 
the altitude of apogee—a more stable orbit, 
little influenced by terrestrial disturbances and 
suitable for a large number of orbits. 

In the illustration the scale is not true; the 
orbit is shown much larger than it really is 
compared to the scale of the Earth. The actual 
orbit, which would be at an altitude of about 
400 km (about 250 mi), is a rather small frac- 
tion of the Earth’s diameter. The lower illus- 
tration, which shows a part of the curvature of 
the Earth, shows the orbital path in true scale. 
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this is accomplished with the aid of a computer 
e. It permits the observatory to make a pre- 
determined series of observations. The com- 
puter is powered by the batteries c and com- 
mands the instruments b and d. A system is 
required to record information and transmit 
it to the Earth, for the satellite itself will even- 
tually be destroyed by friction with the atmo- 
sphere; the system f contains magnetic tapes 
that are sent through a transmitter g over the 
parabolic antenna h to Earth. This system is 
also powered by the batteries c. A single OSO 
or OAO costs as much as the entire Mount 
Palomar Observatory. 


SOLAR PROBE—This illustration shows the 
path of a solar probe, in which a spacecraft 
crosses the solar system between the Earth’s 
orbit and the sun. The purpose of such a probe 
is not to observe the sun more closely, for 
this would require an approach that would 
completely burn up the rocket. The purpose is 
rather to gather information about the magnet- 
ism, solar radiations, and magnetic fields in 
the vicinity of the sun. Such a probe is first 
placed in Earth orbit, then given escape veloc- 
ity so that it approaches the sun along an el- 
liptical orbit, with the sun as one of the foci 
of the ellipse. 
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PATHWAYS TO THE MOON—This illustration 
shows pathways between the Earth and the 
moon, starting with a launching from Earth, 
then a “parking” orbit around Earth, and an 
increase in velocity sending the spacecraft 
on its way to the moon. The Surveyor satellites 
traveled directly to the moon’s surface, where 
they crashed after transmitting data to Earth. 
The Lunar Orbiters went into orbit around the 
moon. During moon orbit, local disturbances 
cause a satellite to pass over different parts 
of the moon’s surface. During orbit, the space- 
craft takes pictures that are recorded on vid- 
eotape and transmitted to Earth. 


a center of various space studi It 
would operate with a 12-man crew and 
could remain in operation for a 10-year 
period. Coming and going with large 
quantities of equipment and large num- 
bers of passengers would be the shuttle 
transportation spacecraft. It was envi- 
sioned in the early 1970s as consisting of 
a completely reusable rocket-powered ve- 
hicle, including an orbiter and booster. 
After launch, the booster stage would 
carry the orbital stage out of the Earth’s 


atmosphere, and the two would then sep 
arate. The booster stage would reenter 
the Earth’s atmosphere and, through the 
use of its own jet engines, cruise to a 
horizontal landing at a prescribed place. 
The orbiter would proceed under its own 
rendezvous and 
docking with the space station, After the 
docking, the orbiter would separate and 
return to Earth for a horizontal landing. 
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MOON LANDING—Landing men on the moon 
is a complicated mission. The orbit is par- 
ticularly intricate, and the rockets must be 
reignited several times in order to provide 
corrections of the trajectory, and to land and 
take off. The principal phases of the mission are 
illustrated: the launch into a parking orbit a 
and b; leaving the parking orbit ¢ in the di- 


rection of the moon; mid-course corrections of 
the trajectory d and e; and a final correction 
f to enter lunar orbit, with the lunar module 
taking the course g and the command module 
remaining in orbit h as the lunar module lands 
i. The moon will have moved in its own orbit 
further around the Earth (hence the upper 
drawing of the moon) by the time the lunar 
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tinued to transmit data while passing through 
the heavy atmosphere of the planet. 
Trajectories for reaching the outer planets 
(those shown on the diagram are Jupiter, 
Saturn, and Uranus) are more complicated. 
The trajectory toward Jupiter would be similar 
to that toward Mars, but much wider. In the 
case of the more distant planets, the time re- 
quired to reach them would not be months, 
as for Mars and Venus, or years, as for Jupiter, 
but decades. A system described as a “‘plane- 
tary slingshot’ has been devised to reduce 
these very long periods of time by sending 
the spacecraft along an orbit of minimal en- 
ergy that will approach a target planet by a 
route alongside an intermediate planet. In the 
illustration, the spacecraft passes by Jupiter, 
is deflected (making its orbit slightly longer); 
the speed of the spacecraft is therefore greatly 


accelerated as it approaches the planet and 
decelerated as it passes on. Although the tra- 
jectory is somewhat longer, the flight time is 
shorter because of the increase in speed. 

These are the trajectories that will be used 
in exploring the planetary system. Such explo- 
rations, however, may be decades in the fu- 
ture; and by that time space technology may 
have advanced to the point that nuclear en- 
ergy will power the rockets. Unrestricted by 
minimal energy trajectories, such spacecraft 
could move under power for a large part of 
the route from the Earth to another planet, 
and interplanetary space could more easily 
be explored by man as the decades of flight 
time would be reduced to months or even 
weeks. Such explorations are so far in the 
future that speculation rather than prediction 
is involved in describing them. 
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ASTEROIDS | the discovery of the minor planets 


A diagram of planetary orbits has an 
order that is immediately obvious even to 
an untrained eye. This order, however, 
is disrupted by the gap between Mars 
and Jupiter, where a planetary orbit that 
would continue the regular spacing of 
the others is missing. 

Johannes Kepler, in his studies of 
planetary motion in the early 1600s, had 
already noted this gap. The development 
of Johann Bode’s empirical law nearly 
200 years later strengthened the idea of 
the existence of another planet. Bode had 
discovered that the distances of the 
planets from the sun were proportional 
to a sequence of numbers obtained by 
adding four to the series 0, 3, 6, 12, 24, 48, 
96 or, 4, 7, 10, 16, 28, 52, 100. From this 
sequence, the following series evolved: 
0.4, 0.7, 1.0, 1.6, 2.8, 5.2, and 10.0. If the 
number 1.0 represents the distance be- 
tween the Earth and the sun, the actual 
distances of the other planets from the 
sun are close to the other numbers. (The 
actual distances are expressed in astro- 
nomical units. ) 


Jupiter 
Saturn 


In 1781, when the planet Uranus was 
discovered, it was seen that it also re- 
volved around the sun at a distance 
that corresponded accurately to Bode’s 
empirical law. This particular circum- 
stance convinced astronomers that be- 
tween Mars and Jupiter another planet 
remained to be discovered. According to 
Bode’s series, the distance of the undis- 
covered planet would correspond to the 
number 2.8—the gap in Bode’s series. A 
great many astronomers began to devote 
themselves to the search, 


THE PHOTOGRAPHIC TRAIL OF ICARUS— 
When an astronomer Photographs a large stel- 
lar region, he often finds unfamiliar images on 
the film. These generally are meteorites or 
asteroids. In the Photograph shown here, 
taken with the Mount Palomar Schmidt tele- 
scope, the faint trail of the asteroid Icarus is 
visible. Although many asteroids have been 
discovered by Photographing a stellar region 
through which an asteroid is Presumed to 


Se ee 


DISCOVERY OF THE ASTEROIDS 


On New Years Eve, 1801, the Italian 
astronomer, Giuseppe Piazzi, director of 
the Palermo Observatory, was observing 
a stellar area in order to complete a cata- 
log of the stars near the ecliptic. The 
catalog would form the starting point 
for a search for the planet whose orbit 
was 2.8 in Bode’s series. That night Pi- 
azza observed an object that, although 
quite bright, was not listed in previous 
catalogs. He fixed its position accurately, 
and, with the aim of improving his co- 
ordinates, he observed it again the next 
evening and found that it had moved. 
Once he had determined the velocity 
of the celestial object in question, Piazza 
was certain that it had to be the missing 


its limitations, Bg 
latively quickly @ 
) the exposure pi 
siderable luminosit 


pass, this met 
an asteroid r 
the stellar fie! 
only asteroids 


registered. In o register on fl 
light of a weake roid, its presumed 
must be follow a telescope so 

light, concentrat a fixed point, P 


a time exposure 


planet between Mars and Jup 
gave the new body the name Ceres 
the harvest goddess and divine pl 
tress of Sicily 

Soon after the new planet was 
it passed behind the sun and co 
longer be observed. Piazzi’s observa 
were sufficient to confirm that the 0 
had been moving in an orbit corte 
ing to 2.8 (or very close to it), bul 
not sufficient, with the mathe! 
methods available, to calculate the 3 
shape of its orbit. There was the ris 
the new planet could no longer | 
served because of the impossib 
predicting its exact position. If E 
time were allowed to pass, the wu 
of picking it up again would nal i. 
increase. One of the greatest ma 


ASTERO 
dsdal a naiTS = Some asteroids have un- 
. The orbits of Eros (Illustration 1) 


and Hi 

only ai for example, are on the average 

Earth's, At it farther from the sun than the 

to the sun iy perihelion, Eros comes closer 
an Mars; Hidalgo travels much 


farther 
away from the sun than Saturn. Some 


asteroid orbits are strongly inclined to the 
plane of the terrestrial orbit; these orbits are 
also strongly elliptical. Since there are so 
many asteroids, every time one is observed, 
determination must be made as to whether it 
was previously observed and cataloged. The 
calculation of asteroid orbits is an interna- 


tional affair. Extensive work is presently being 
done in the United States, Germany, and the 
Soviet Union. Data are published under the 
auspices of the International Astronomical 
Union by the Soviet Institute for Theoretical 


Astronomy. 


ASTEROID DIMENSIONS—Because of their 
small size and their distance from the Earth, 
the measurement of asteroids is difficult. 
Large asteroids can be measured directly, 
while measurement of the smaller ones is 
based on their luminosity. Among the larger 
asteroids, Ceres has a diameter of 77 km 
(about 48 mi); Pallas, 490 km (about 305 mi); 
Juno, 190 km (about 118 mi); and Vesta, 390 
km (about 242 mi). 

Most of the asteroids with recorded orbits, 
however, have diameters between 15 and 80 
km (about 9 and 50 mi). Illustration 3a shows 
the relative proportions of some asteroids and 
the moon. 

The larger asteroids, such as Ceres and 
Pallas, are almost spherical while the smaller 
ones are probably quite irregular in shape. Hidalgo 
Eros shows a great amount of variation in its O 
light, Indicating an irregular shape (lllustra- 
tion 3b) and a rotation that presents alternately 
a wide and narrow surface to the Earth. 


b ; moon 


THE DISTANCES OF THE MINOR PLANETS 
BETWEEN JUPITER AND MARS—Most aster- 
oids move in orbits close to that predicted for 
the unknown planet by Bode’s Law. However, 
many travel in orbits that are larger or smaller 
than this. There also are zones between Jupi- 
ter and Mars where no asteroids are found. 
These zones, explained by Daniel Kirkwood 
in 1866, are known as Kirkwood’s gaps. An 
asteroid in one of these gaps would revolve 
around the sun in a period equal to a half, 
a third, two-fifths, and similar proportions of 
the orbital period of Jupiter. Asteroids in these 
orbits would repeatedly be aligned in the same 
position relative to the sun and Jupiter; the 
disturbances caused in their orbits by Jupiter 
would accumulate until the asteroids were 
thrown into another orbit. Therefore, the aster- 
oids between Mars and Jupiter are distributed, Richmond 
as shown in Illustration 4, in bands where their 
orbital periods are not proportional to the 
orbital period of Jupiter. 
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Karl Friedrich Gauss, 
1 the problem of work- 


ticians of 
busied hin 


ing out an ng a method whereby 
Piazzi’s o! ms could be used to 
calculate rbit. Gauss was suc- 
cessful, rk became the basis 
for all sul preliminary orbit cal- 


culations 


SUBSEQ ISCOVERIES 
Astronor itisfied that the miss- 
ing plan illy been discovered. 
In 1802 the German astron- 
omer, He bers, discovered a sec- 
ond stell subsequently named 
Pallas, w ed in an orbit quite 
close to It was also appar- 
ent that Pallas were not full- 
fledged } t small planetary bod- 
ies, whic! bsequently called as- 
teroids, J xr minor planets. Two 
more ast ) and Vesta, were dis- 
covered ıd 1807, and then no 
others u a was discovered in 
1845. Sir least one new asteroid 
has bee red each year. Some 
years ar rly favorable, and as 
many as isteroids have been dis- 
covered nonth period. 

HOW A DS ARE 

DISCO\ 

Since pl ic methods have been 


applied the number of 


asteroids 


earch, 
red has increased con- 


siderably bits of many asteroids 


intersect nt on the ecliptic; there- 
fore, if t ie immediately surround- 
ing the « is photographed, aster- 


oids are ea detectable. An exposure 
of several hours reveals the stars as lu- 
minous points; against this field, asteroids 
appear as luminous trails. 

An efficient method of discovering the 
less luminous asteroids is to photograph 
the sky with an instrument moving at 
the same speed as asteroids, The aster- 
oid then appears as a luminous disk, 
while the stars appear as streaks. In this 
manner, the available light 


from the asteroid is registered on film. 


maximum 


NAMING THE ASTEROIDS 


7 
When the discovery of a new asteroid is 
announced, the asteroid is temporarily 


THE TROJAN GROUP—Three celestial bodies, 
joined by gravitational attraction, can move at 
points equivalent to the vertices of an equi- 


lateral triangle. Two groups of asteroids, 
called the Trojan asteroids, form equilateral 


triangles with the sun and Jupiter, moving in 
the orbit of Jupiter in the Lagrangian points 
(so-called after the French mathematician, 
J. L. Lagrange), who explained the stability 
of these orbits. 


named with the year of discovery and 
with one or two letters indicating the 
order of the discovery. When it is estab- 
lished beyond doubt that the asteroid 
was not seen before, it is assigned a 
number; the discoverer then suggests a 
name. The first asteroid, for example, 
was called 1 Ceres. Generally, the names 
are feminine; the first asteroids were 
given the names of goddesses. Later, 
when the supply of goddesses from ob- 
scure mythologies was exhausted, new 
feminine names were devised. At pres- 
ent, the orbits of about 3,000 asteroids 
have been recorded. It has been calcu- 
lated, however, that some 30,000 aster- 
oids are within the range of a 2.5 m (100 
in.) telescope. 

When an asteroid’s orbit displays ex- 
ceptional characteristics (ellipticity or 
other irregularities), it is given a mas- 
culine name. In order to avoid mistak- 
ing a previously discovered asteroid for 
a newly discovered one, rigorous condi- 
tions have been set up that must be met 
before an asteroid is numbered. 


ORIGIN OF ASTEROIDS 


The fact that most asteroids orbit in a 
rather small area suggests that the aster- 
oids may have been formed by the ex- 
plosion of a small planet. However, the 
circumstances that would cause a planet 
to explode have not yet been determined, 
and so this explanation of the evolution 
of asteroids is only a theory. 

The asteroids seem to have originated 
as condensations in a tenuous part of the 
solar nebula between proto-Jupiter and 
proto-Mars. Gravitational instability 
could not occur in this ring. Therefore, 
no one large condensation formed a 
planet; instead, innumerable smaller con- 
densations formed by accretion. The di- 
mensions and composition of asteroids are 
in general accordance with predictions 
based on this theory. The composition 
and age of asteroids have been calculated 
from studying meteorites, which many 
authorities believe to be asteroid frag- 
ments that fall to Earth from outer space 
when asteroids collide. 
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LUNAR PHOTOGRAPHY 


THE HIDDEN FACE OF THE MOON—One of 
the first lunar expeditions of unmanned space- 
craft was the successful effort to observe the 
previously hidden face of the moon—the face 
that can never be seen from Earth because of 
the way in which the moon rotates on its 


The advent of the space age has led to 
an entirely new aspect of lunar astronomy 
—the study of the moon as it appears in 
photographs taken by spacecraft near the 
moon. The first achievement in this field 
was the transmission to Earth of photo- 
graphs of the far side of the moon by a 
Soviet spacecraft in 1959. These photo- 
graphs, while of low resolution, gave 
astronomers their first look at the moon’s 
far side. Most of the spacecraft photo- 
graphs of the moon have come from the 
Ranger, Surveyor, and Lunar Orbiter mis- 
sions carried out by the United States. 
These are now being complemented by 


axis. A Soviet spacecraft made the first trip 
behind the moon in 1959, but the pictures it 
transmitted were not of high enough quality 
to provide great detail, although they made 
Possible the drawing of a Preliminary map. 
The Lunar Orbiters launched by the United 
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photography from the Apollo command 
modules in orbit around the moon and 
by surface photographs made by the 
Apollo astronauts and by Soviet un- 
manned lunar surface devices. 

The photographic missions of the 
Ranger, Surveyor, and Lunar Orbiter 
spacecraft were complementary. The 
Rangers used six television cameras to 
transmit pictures directly to Earth before 
a hard landing, The photographs gave a 
high-resolution view of a relatively small 
region of the lunar surface. Surveyor 
made a soft landing and then used a 
single television camera controlled from 
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moon's gec 


States in 1966 and 19 
tailed information, ir 
taken in 1967, showir 
the left. One fact revea 
seas that characterize 
visible from Earth 


this photogral 
ea of Moscol 


side of the mo 


THE LUNAR SURFACE- 
tration 2), taken in Novemt 
6, shows the moon's af 
knowing that the moon has no atmosph A 
that its surface has b constant i. 
barded by meteorites, feared that the se dl 
might be covered by a thick layer of na 4 
into which the astronauts might sink. dif 
other photographs showed that such nfin 
not exist, and the evidence was Col 
when the first men landed on the moon: 
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LUNAR CRATERS FROM RANGER 9— 7 


photograph shows the craters east oe 
of Clouds as they appear at an “al crate 
1,246 km (about 774 mi). Rills and sm jcti 
appear clearly at this altitude. The las! P 
transmitted by Ranger 9 just before 

had a resolution of 30 cm (about 1 ft). 
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e THE MO PR LONAN VERSEI ee TES 
photograph shows details in the Valley of Hy- 
ginus with r ution impossible from the Earth. 


phs have greatly added to 


astronomer owledge of the lunar surface. 


< 
Sa NUSUAL FORMATION—This Lunar Or- 
agate otograph has inspired a great deal of 
dls Hone The principal feature is a sinu- 
river, S that closely resembles a terrestrial 
rill eas Scientists have suggested that this 
gested io one time a river; others have sug- 
oe at it might have resulted from the 
asa of underground moisture millions of 
that th go. Still other scientists have proposed 
flow, e rill may be the trace of an ancient lava 


EARTHQUAKE WATCH—One of the most in- 
teresting studies involves an investigation of 
the possibility of “earthquakes” on the lunar 
surface. The astronauts of Apollo 11 set up a 
seismograph there, and it has already regis- 
tered light tremors—more evidence that the 
moon is not dead, and that some of its fea- 
tures may have originated in recent times. 
Some craters intersected with a network of 
rills are shown in this photograph; they are, in 
order of size, Goclenius, Magellan, Magellan 
A, and Columbus. 
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THE LUNAR SOIL—This photograph, taken 
from Apollo 8, shows one of the very bright, 
weblike formations that spread out from large 
and small craters on the moon. Neither the 
cause nor the composition of these forma- 
tions is known, but the investigation of this 
problem, related to the minerals and rocks 
that compose the lunar surface, would lead to 
an interpretation of the physical history of the 
moon’s mountains. There is probably no sub- 
stantial difference between lunar and terrestrial 
rocks, but the composition of the magma and 
its metamorphosis are significant in a study of 
lunar geology (more accurately, selenology). 


Earth to relay detailed pictures of the 
nearby lunar surface, The Lunar Orbiters 
contained two cameras that took photo- 
graphs of large areas of the moon. These 
photographs were stored on film and later 
scanned and relayed to Earth. The origi- 
nal goal of the Lunar Orbiter program, 
to photograph potential Apollo landing 
sites, was so successfully carried out by 
Lunar Orbiters 1, 2, and 3 that Orbiters 
4 and 5 were placed in orbits that al- 
lowed essentially complete mapping of 
the lunar surface. 

These photographs are helping to an- 
swer age-old questions about the moon. 
Are the craters recent formations or an- 
cient? Are they volcanic or the result of 
meteorite impacts? The spacecraft photo- 
graphs indicate that each explanation so 
far offered contains some of the truth. 
The photographs are helping astrono- 
mers find the complete answer and are 
bringing closer the exciting possibility 
of constructing models for the large-scale 
geology of the moon. 

The principal scientific objective of fu- 
ture manned lunar landings was to pro- 
vide information on the age, chemistry, 
and mineral composition of the moon and 
to develop an understanding of the 
moon's structure. Seismometers were to 
be put where they could give a better un- 
derstanding of moonquakes, and experi- 
ments were designed to study magnetic 
and gravity fields and heat flow charac- 
teristics of the lunar surface, 


HIGH RESOLUTION PHOTOGRAPHY—The as- 
tronauts of Apollo 8 took these photographs 
(see left and above) from a low altitude above 
the lunar surface. The photographs are typical 
of the high resolution achieved by Apollo as- 
tronauts and their cameras 
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EXPLORATION OF 
THE MOON | “zooming in” on the Earth’s only satellite 


Apollo 11 astronaut Neil Armstrong's 
“giant leap for mankind” onto the surface 
of the moon dramatically signaled the be- 
ginning of a new era in space exploration. 
It was also the culmination of a decade 
of intense scientific interest and study—at 
ever closer ranges—of the Earth’s only 
satellite. 

Man’s curiosity about his nearest ce- 
lestial neighbor is as old as man himself. 
Telescopic study over the past few cen- 


ALPHONSUS AND ITS LITTLE PEAK—This 
photograph (Illustration 1a) of the crater Al- 
phonsus was taken by Ranger IX on March 24, 
1965, from a height of 415 km (about 257 mi). 
While the telecameras used in the Ranger pro- 
gram did not produce results as satisfactory 
as might be obtained with more recent equip- 


turies led to accurate knowledge of many 
lunar characteristics, such as the moon's 
motion around the Earth. However, re- 
garding the question of the composition 
and origin of the mountainous forms on 
the lunar surface, few astronomers were 
prepared to even offer a hypothesis—and 
when they did so, there was no possibility 
of proving it. This situation changed dra- 
matically when man learned to travel in 
space. 


ment, the definition and detail are vastly su- 
perior to pictures taken through Earth-bound 
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Portant role in the making of acc 
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Ranger IX a few instants later during Its 
Scent, at a height of 93 km (about 58 mi). 
small craters on the lunar surface are M 
more clearly seen. A photograph transml 
from a still closer distance during this miss 
picked up details as small as a man’s handi 


in a scien d technological sense. 


The fi was to make a precise 
photogr ap of the moon, using 
the best le instrument for obtain- 
ing the The Observatory at Pic 
du Mid e French Pyrenees was 
chosen task. A refracting tele- 
scope, Y ) cm (about 24 in.) ob- 
jective le used. 

From »tographic map, a carto- 
graphic ıs made. This was a diffi- 
cult unc ; because of the lack of 
stereos¢ ect in the photographs 
and the e of a “sea level” that 
could be s a reference point, as in 
maj rth, Objectives for lunar 
missions \etermined from this map. 

In 19 nmanned Russian space- 
craft cor ı circuit of the moon and 
sent tele ctures of its hitherto un- 
seen ba Man had finally realized 
the anci ssophers’ dream of seeing 
the othe f the moon. While the 
picture iot very detailed, it was 
possible truct the first rough map 
—compa in detail to those traced by 
Galileo first telescope in 1608. 
OBJECT MOON LANDING 
By 1960. ; were completed for the 
program ould result in the landing 
of astro n the lunar surface. Com- 
prehensi nanned programs were un- 
dertaken repare for the manned ef- 
fort. One ent question that had to be 
answered was the nature of the lunar soil, 
to which [arth-based studies provided 


no clues 

Under the Ranger program, spacecraft 
were sent to various points on the moon; 
these spacecraft transmitted increasingly 
detailed pictures back to Earth before 
crashing into the lunar soil. The Surveyor 
program involved landing unmanned sat- 
ellites on the moon’s surface to test the 
hardness and elasticity of the soil and to 
photograph the surrounding terrain to 
determine how uneven it actually was. 
Finally, the Lunar Orbiter program put 
telecameras into orbit around the moon 
to obtain precisely detailed closeup pho- 
tographs of its surface, so that maps as 
perfect as possible could be constructed. 


shows the Eastern Sea, which is barely per- 
ceptible from Earth. The Eastern Sea is near 
the Ocean of Storms (to the left in the photo). 


THE EASTERN SEA—This photograph, taken 
by Lunar Orbiter IV at a distance of about 
3,140 km (about 4,950 mi) from the moon, 
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COPERNICUS—The crater Copernicus rises 
from the vast plains in the eastern part of the 


Careful interpretation and analysis of the 
results of these three programs suggested 
the most likely landing sites for man. 

Late in 1968, Apollo 8 became the first 
manned craft to orbit the moon, paving 
the way for the lunar landing of Apollo 
11 in July, 1969. Astronauts Armstrong 
and Aldrin collected samples of moon 
soil and rocks and set up instruments for 
scientific observations: a seismometer, a 
solar particle collector, and a mirrorlike 
laser reflector designed to permit very 
accurate measurements of the Earth- 
moon distances. 


The Apollo 12 mission was planned for 
more detailed geological exploration of 
the lunar surface. Astronauts Conrad and 
Bean set up another seismometer and 
solar particle collector, along with a 
spectrometer to measure solar wind, a 
magnetometer (which recorded a faint 
magnetic field on the moon), an iono- 
sphere and lunar atmosphere detector, 
and a lunar dust detector. These devices 
were all powered by a nuclear generator 
to keep them transmitting data to Earth 
for at least a year. The astronauts also 
collected more samples of moon soil and 


mountains and the Gay-Lu 
in the background 


rocks, and brought back pieces of a Su 
veyor spacecraft that had landed on # 
moon some two and a half years E 
After leaving the moon and rejoimi 
the command module, the astronauts] 
tisoned the lunar module, intentio 
crashing it onto the lunar surface: 
impact set up vibrations lasting al 
55 minutes, astonishing the 
Earth who were reading the se : 
This phenomenon and the rocks 
soil brought back from the moon by 
Apollo astronauts are being careful 
studied and analyzed by scientists- 


a Se. D 
Al z 
ANISTARCHUS = Thile photograph of Aristar- 
EN was taken by Lunar Orbiter IV. The ex- 
Ptional detail shows unusual structures that 


were previously detected in telescopic obser- 
vations from Earth, pointing up the outstanding 
luminosity of this section of lunar soil. Toward 


the north, a curious detail is apparent; it seems 
as if a strong wind had deformed the surface 


of the crater. 


87 


88 


Ao =, 


Cad 


TYCHO—The altitude of the Lunar Orbiter 
spacecraft varied considerably. Photographs 
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taken at greater distances 
larger features of the lunar 
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showed details of 
surface, such as 
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5 eason 
the crater Tycho. For obvious pea 
an area is not an ideal lunar landing 
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lens from 
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KEPLER— 
peared to 
50 km (abc 


TE DETAILS — This photo- 


with a powerful telephoto 
f about 160 km (about 100 
ater Vitellus, located in the 
2 of Moisture), two rocks 
jown the inner slope are 


how the crater Kepler ap- 
rbiter III from an altitude of 
Distant mountains and the 


clearly visible. The larger has a diameter of 
about 22 m (about 72 ft); the smaller about 
5 m (about 16 ft). The larger has left a trail 
about 270 m (about 880 ft) long; the smaller 
about 360 m (about 1,180 ft). The fairly smooth 
soil clearly shows up the presence of tiny 


pronounced curvature of the lunar horizon are 
clearly visible. Countless tiny craters mark even 
the smoothest lunar seas. More detailed photo- 


craters, no more than a few meters in size. 
Greatly enlarged, this photograph illustrates 
the tremendous amount of detailed informa- 
tion that was gathered before man first at- 
tempted to set foot on the moon. 


graphs show that the lesser craters are as 
small as a few meters in diameter. 
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OBSERVATION OF THE 


MOON'S SURFACE | 


The full moon rising large and red on a 
warm summer's night may seem more the 
stuff of dreams than of astronomers. A 
little later, however, when the moon has 
risen fully above the horizon and appears 
whiter and more luminous against the 
night sky, the various formations on its 
surface can be seen. These forms suggest 
many different things to different people: 
some see a face; others imagine various 
animal forms. If the moon is viewed 
through a pair of binoculars, these forms 
appear more distinct. Some of them are 
darker and others lighter than what may 
be called the normal color of the moon’s 
surface. Nearly all the dark patches have 
a rounded shape, while the light patches 
are more irregular. Binoculars are not 
powerful enough to bring out more de- 
tails, However, if the moon is observed 
through an astronomical telescope over a 
period of a week—for example, from the 
third day of the new moon to the tenth 


THE RISING MOON—As it rises above the 
horizon, the moon gradually loses the elliptical 
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techniques 


day—the surface will spring into relief 
and the mountains, valleys, plains, and 
tablelands can be distinguished. Although 
at first there will be a temptation to com- 
pare these features to similar features on 
Earth, it soon becomes obvious that only 
a slight resemblance exists between the 
two. 


OBSERVATION OF THE MOON 


The distance between the moon and the 
Earth is about 384,000 km (about 239,000 
mi), making it the closest of all the celes- 
tial bodies. It is close enough for the dis- 
tance to be considered in terms of dis- 
tances on Earth. If one were to go around 
the Earth 10 times, the distance covered 
would be a little more than the distance 
between the Earth and the moon. Because 
it is so close, the moon’s landscape can 
be seen clearly with a telescope. 
Between the Earth and the moon there 


form caused by atmospheric refraction and 
gradually changes to a circular appearance. 


and instruments 


is little but empty space. The moon he 
no atmosphere, and is not surrounde 
clouds as the Earth is. Therefore, 
the Earth’s atmosphere is cloud-free the 
moon's features can be seen clearly, f: 
telescope with a magnifying power off) 
is used, the moon appears the size of 
disk 13 cm (about 5 in.) in diameter 
at a distance of 25 cm (about 10 in 
With a telescope that has a magnifical 
of 300, the moon appears the size off) 
disk 75 cm (about 30 in.) in diame 
seen from a distance of 25 cm. 

Galileo was the first man to draw} 
map of the moon. His telescope enablél 
him to see features six times more clear) 
than with the naked eye. Knowledgedl] 
the moon’s surface has increased greal 
since then, and now it is possible to maj 
the smallest features of the lunar land 
scape, even those measuring only a te) 
hundred yards. Today, the best and clea 
est means of examining the moon's reli 
is by photographs. 

No photograph, however clear, isi 
distinct as the direct image seen throug 
the telescope used in taking the photo 
graph. To be more precise, a telescop 
can distinguish three times the detail thil 
can be photographed. For example, ait 
flecting telescope with a mirror 60 l 
(about 24 in.) in diameter is needed 
photograph details that can be seél 
through a telescope only 20 em (about) 
in.) in diameter. However, if the dia 
ter of the telescope is increased to molt 
than 50 cm (about 20 in. ), the turbulenti 
of the Earth’s atmosphere will diminis) 
the clearness of details in proportion W 
the increased power of the instrumell 
Therefore, a telescope with a mirror @ 
30 cm (about 12 in.) is the ideal inst 
ment for lunar observation. 

Man’s lunar landings have product! 
televised pictures of the moon with sud 
clear, detailed precision that they ShO 


] never have been taken 
hotographic methods. 


features the 
by “unman: 
HOW TO RVE THE MOON 

wed on the horizon, it 
r than when it is high 
s an optical illusion. If 
rved on, or just above, 
the horizon seem much larger than 
it actually example, a ship far off 
on the ho ill appear much larger 
than the s ip placed on top of a 
mountain une distance. Another 
point to bc mind is that any object 
which has contrasting details will 
appear lar he rigging of a sailing 
ship make ı larger than it really is, 


If the moo! 
seems muc 
in the sky 
any object 


and the p on the moon have the 
same effec increasing its apparent 
size, 

It is als to overestimate heights 


carry out an experiment 
nake an estimate of the 
nountain with the hori- 
on the ground and look 
it the same time keeping 
1e field of vision. This can 
the human eye has a 
vision of 105°. It will be 
nountain that previously 


of mounta 
on this ill 
angle mad 
zon. Then 
up at the 

the horizo 
be done ! 
vertical ar 
noticed th 


seemed m large now appears 
smaller. 
The sar ision is true for the con- 


stellations 
Earth’s rot 
horizon. Hc 
on the hori 
when it is at 


seem larger when the 
1 brings them closer to the 
ver, even though the moon 
ı appears larger than it does 
its zenith, its image is actu- 
ally reduced in size by a process of re- 
fraction. What happens is that both its 
upper and lower edges are raised above 
the horizon by atmospheric refraction, but 
the lower edge is affected a little more 
than the upper. Hence, the moon assumes 
an elliptical shape with the smaller axis 
vertical. The photographs in this article 
make this plain. They were taken as the 
moon appeared over the horizon and rose 
about 10°. It can be seen that as the moon 
rises, its shape changes gradually from 
elliptical to circular with the same diam- 
eter as the larger axis of the ellipse 
(Illustration 1), 


It might seem that the best position at 
which to observe the moon, or any other 
celestial body, would be when it is low 
on the horizon, but such is not the case. 
This is because the moon’s light must 
pass through more air when it travels 
horizontally, and so is disturbed by the 
comparative thickness of the air and by 
the turbulence in the lower layers of the 
Earth’s atmosphere. 

2 


THE TERMINATOR—Along the terminator, the 
border between light and dark, the moon's 


THE BEST CONDITIONS FOR 
OBSERVING THE MOON 


An observation of the moon will show 
clearly the differences in the brightness 
and color of its soil and, above all, the 
shapes of its features. The best way to see 
these features is to take advantage of the 
clear shadows they throw when they are 
lighted by the sun. These shadows are 


features are particularly clear. Away from the 
terminator, the moon appears featureless. 
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especially long when the sun is low on 
the lunar horizon. During a lunation (the 
name astronomers give to the lunar 
month) the height of the sun on the lu- 
nar horizon varies, so the illumination of 
the landscape is constantly changing. 
Some general rules may help in under- 
standing the way shadows fall on the 
moon. The shadows cast on the surface 
of the waxing moon fall in the opposite 
direction to those cast on the waning 
moon. During full moon and the days im- 
mediately preceding and following it, sun, 
Earth, and moon are in a direct line in 
that order. The moon and the sun are 
opposite each other with the Earth in the 
middle, and the sun’ trike the moon 
directly (Illustration 4). In this period 
shadows cannot be seen because they are 
hidden by the surface features themselves. 

This is why the moon’s surface appears 
flat and featureless when it is full. Only 
bright and dark spots—due to the differ- 
ent composition of the moon’s soil—can be 
seen, This is why this phase of the moon 
does not offer the best conditions for ob- 
servation. The features are best observed 
by following the edge of the sun’s circle 
of illumination as it progresses over the 
surface of the moon during the lunar 
month, This border between light and 
dark, corresponding to the points of the 
lunar surface from which the sun would 
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be visible on the horizon, is called the 
terminator. Along this line, the moon’s 
surface falls into relief, as can be seen 
clearly in Illustration 2. Away from the 
terminator, the surface appears flat and 
featureless. 


EARTHSHINE 


When the moon is almost new, sun, moon 
and Earth are in a direct line in that or 
der. From the moon, the Earth looks 
rather like the full moon lighted by the 
sun’s rays. However, because the Earth is 
larger than the moon, it reflects more 
light than the full moon. The surface of 
the Earth visible from the moon is about 
13 times greater than the surface of the 
Also, the 
tarth has a much greater 
reflecting power than the surface of the 
moon because the Earth is covered with 


moon visible from the Earth 


surface of the 


clouds, deserts, and seas. These combined 
effects cause the Earth to emit a light 50 
times brighter than that of the full moon 
This light cast by the Earth, although far 
weaker than the sun's, is sufficient to il 
luminate the surface of the moon, making 
it visible under favorable circumstances 
This light, earthshine, is sometimes called 
the ashen light because of the grayish 
tinge it gives to the part of the moon it 
illuminates (Illustration 3a, 3b, and 3c) 


EARTHSHINE- 
pears on the third d 
tration 3a) 
lunar month (Illus 
on the ninth day of t 
tion 3c). 


Eartt 


as it is see 


THE FULL MOON—Under these circumstances thrown by the features on the lunar surface and the landscape is lacking in detail. This 
directly phase is poor for lunar observation. 


it is not possible to observe the shadows because the sun’s rays illuminate it 
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the geology of the Earth's 


THE MOON'S SURFACE 
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volcanic formations on Earth, or of the 


COPERNICUS—This crater has a diameter of 


formed and most regular of all those found on 
90 km (about 56 mi) and is one of the best the lunar surface. 


few known meteorite craters. 

These formations are not the only sur- 
face features (even if they are in the 
majority), and the other forms which 
can be seen with a telescope are no less 
interesting. 


servation of their general shape is enough 
to show up these differences. The lunar 
Apennine chain is one example: it is a 
succession of rather pointed peaks, spaced 
irregularly but rather close together. To- 
ward the Mare Imbrium, the Apennine 
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HO—The crater is surrounded by a strip, 
t a halo. From this, rays spread out as 


not comparable to the saddle t that 
separate one peak from another in a typ- 
ical terrestrial mountain chain. The shape 
of valleys and saddles on Earth is deter- 
mined by erosion from water and ice. A 
valley on Earth has an elongated shape 
and its walls have a characteristic slope 
caused by the way water passes through 
the mountains to open up a path to the 
sea. Saddles are low areas along ridges; 
they may connect valleys on opposite 
sides of the ridge line. On Earth, these 
valleys are always formed either by water 


far as the dark side of the moon. Tycho is lo- 
cated in the southern highlands. 


ion or by the ai 
shapes that are so ch 
formations do not occur at all on the lu- 
nar Apennines of the moon. The other 
large mountain chains on the moon are 
similar in shape to the Apennines. 


THE FORMATION OF 
LUNAR MOUNTAIN CHAINS 


On Earth, mountain chains have been 
formed either by the movement of con- 
tinental masses that were raised or low- 


96 


ered because of horizontal pressure, or 
through the re-establishment of isostatic 
equilibrium disturbed by substantial rises 
of magma. On the moon, the large moun- 
tain chains probably were formed by the 
upthrust of material caused by the im- 
pact of meteorites and asteroids. The sur- 
face relief of the Earth and the moon are 
different, however, mainly because the 
Earth’s surface has been altered by ero- 
sion from water and ice. This erosion did 
not occur on the moon, and the forma- 
tions that are seen today are similar to 
what they were when they were formed 
in remote times, probably more than a 
billion years ago. 


EROSION OF THE 
LUNAR SURFACE 


Erosion processes do take place on the 
moon, even if the forces that cause them 
are much less powerful than the force of 
water, The three types of erosion proc- 
esses are: 

1. The invasion of fluid lava. This type of 
erosion is responsible for most of the de- 
structive activity in the past. The Sinus 
Tridum is a clear example of this. Once it 
was a complete circle; now it is reduced 
to a single arc opposite the side eroded 
by the lava. 

2. Change of temperature. Every time the 
sun rises over a point on the moon’s sur- 
face, the temperature soars from many 
degrees below 0° C to as high as 120° C, 
This gain in temperature (and the corre- 
sponding loss when the sun goes down) 
results in a strong expansion and contrac- 
tion of the rocks, which causes them to 
split. Over a long period of time, this type 
of erosion gradually flattens the surface 
relief, 

3. The impact of micrometeorites, Large 
meteorites are rare, but those with a mass 
of less than 1 g (about 0.03 oz) are quite 
common. A meteorite of 1 g at a velocity 
of 40 km/sec (about 25 mi/sec) has the 
energy of a heavy machine-gun bullet, so 
that when it strikes a rock, even a hard 
one, it produces a small crater nearly a 
foot deep and at least twice as wide. 

On the Earth, water takes eroded mat- 
ter away and then deposits it in a valley 
or in the sea, thus making surface features 
gradually disappear. On the moon, how- 
ever, the eroded matter accumulates near 


the point it came from, so that in time it 
protects the terrain it covers. 


LUNAR ROCK SAMPLES 


In man’s first visit to the moon in 1969, 
about 50 pounds of rock and dust were 
collected and brought back to Earth from 
the Sea of Tranquility, one of the moon’s 
flattest areas. In addition to many craters, 
the ground near the spacecraft was cov- 
ered with loose, broken stones overlying 
solid rock that was porous and weakly 
coherent. All the craters visited by the 
astronauts appeared to have been caused 
by meteorites striking the moon, and the 
loose rock on the surface consisted of im- 
pact debris. The rock samples collected 
include basaltic igneous rocks, lunar soil, 
and microbreccias. The chemical compo- 
sition of the lunar igneous rocks is gen- 
erally similar to basalts found on Earth, 
but they are richer in titanium. The vis- 
cosity of the lunar lavas is about one- 
tenth that of Earth basalt; so it is pos- 
sible that the lunar lava flows spread far 
across the moon’s surface into thin sheets. 


ALPHONSUS AND ITS 
ACTIVE VOLCANO 


Since about 1945, many studies on the 
light effects of the lunar surface have 
been made. In particular, attempts have 
been made to reproduce the roughness of 
the dust deposits in the laboratory. Pre- 
sumably, thermal erosion and meteorite 
bombardment produced this dust, which 
was then deposited on the lunar surface. 
The dust is easily identified, as it polar- 
izes the light given out by the satellite; in 
fact, the light coming from many parts of 
the lunar surface is polarized. Studies 
have also been made of the color of the 
moon’s surface, or at least of the shades 
of color superimposed on the normal 
grayness of the moon. 

Finally, attempts have been made to 
discover and measure the fluorescence, if 
any, of lunar rocks, For this, extremely 
accurate spectroscopic studies of the sur- 
face of the moon were needed. On No- 
vember 3, 1958, a cloud seemed to rise 
from the central cone of the crater of 
Alphonsus. Several astronomers aligned 
their spectroscopes immediately on the 
point where the gases were being emitted 


and registered the spectrum of the light 
coming from that part of the moon, Most 
of this light obviously originated from the 


sun and was reflected by the rocks; but 
superimposed on this !=miliar spectnm 
was a clear luminesc corresponding 
to the central peak umably caused 
by an emission of h ses, The gass 
emitted by volcanoes ‘arth are lumi 
nous because they r vith the oxygen 
in the atmosphere (i y did not, they 
would be difficult t > in daylight), 
However, oxygen and r gases that the 
volcanic vapors coul ct with are ab- 
sent on the moon, so only source of 
luminescence could | ie spontaneous 
decomposition of m iles no longer 
subject to undergrou: essure, or lumi 
nescence caused by disturbance of 
solar radiation. This inosity has been 
observed spectrosco; ly; its existence 
confirms that activity till taking place 


on the moon, 
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kept warm by anoth« 
possible explanation this abnorm#l 
heat, following the analogy of the st: 
which stores more heat than the Earth 
and so retains it during the night and a 
during the winter months, is that thes 
rocks have a similar property of heating 
and cooling more slowly than others 
this were true, these rocks should | 
cooler than the surrounding area during 
the lunar day, but they are not. There: 
fore, these must be naturally warm areas, 

The same technique of measuremel 
has been applied to determine the tem 
perature of small areas of the lunar i 
face. In this way, it has been discove! 
that several volcanic mountain peaks i 
warmer than the surrounding plain ma 
during the lunar day and during 
lunar night. 


LUN AR CRATERS | the moon’s circular mountains 
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VIUS CRATER—The out- 
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a very irregular surface. The most strik- 
ing feature, however, is that these moun- 
tains appear to be circular in shape; they 
are sometimes topped by a conical peak, 
at other times by a fairly smooth plain, 
and in some cases by other mountains of 
similar form. Still other forms, at first 
sight, resemble the Earth’s terrain and 
are commonly called mountain chains. 
Finally, there are the large plains that 
Galileo inaccurately labeled “seas” be- 
cause, through his crude telescope, their 
dark, smooth surfaces resembled water- 
filled basins. The Apollo 11 astronauts 
firmly and thoroughly proved that water, 
in any form, does not exist on the moon. 
An examination of lunar surface details 


day of lunation. Known as Clavius, its diameter 
exceeds 300 km (about 200 mi). Its outline is 
indented by other craters, which probably 


and the data collected by the Apollo 
astronauts allow the construction of 
likely hypotheses explaining the phe- 
nomena that gave the satellite its present 
appearance. 


THE CIRCULAR MOUNTAINS 


Scattered over the lunar surface are ring- 
shaped mountains, some steep-sided, 
others sloping gently both inward and 
outward. Because of their resemblance 
to the shape of Earth’s volcanoes, these 
are called craters. The largest are hun- 
dreds of miles in diameter. The smallest 
—inches across—were discovered when 
man first set foot on the moon. 


formed at a later date. Craters are visible in 
its interior, as well as on its steep and rugged 
outer edges. 


AN ANCIENT CRATER—Near the southern 
border of the Sea of Rains (also known by its 
Latin name, Mare Imbrium) are three adjacent 
craters. Copernicus and Eratosthenes appear 
as strongly marked reliefs; between them is 
Stadium. Copernicus and Eratosthenes are 
typical young craters; they have a precipitous 
form and have not been altered by smaller 
craters. Stadium, on the other hand, appears 
to be scarcely above the surface of the plain 


that separates the other two. Stadium resem- 
bles a sand castle that has been subjected 
to a long period of rain. 

Many reasons exist for suspecting that cra- 
ters like Stadium are ancient. They would have 
been subjected to such destructive phenomena 
(believed peculiar to the moon) as continuous 
meteorite bombardment and, in distant eras, 
remelting caused by the invasion of magma 
pouring out over the surface. 
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The term “ancient” refers to 
time of lunar history 5 
the Earth's only natural satellite 
tion remained a mystery until scient ; 
able to examine and date samples © 
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as the oldest known Earth rock—apP 


mately 4.5 billion years. 


Mare Frigoris (Sea of Cold)—almost antipodal 


TYCHO’S LARGE RAYS—This crater was out for great distances from its center, stand- 
to Tycho—while others extend toward the in- 


ing out clearly against the background of the 


Named after the Danish astronomer Tycho 
lunar surface. Some rays extend as far as the 


Brahe. Numerous light-colored rays branch visible hemisphere of the moon. 


CRATERS COVERED WITH LIGHT ASH—The 
craters shown here—Copernicus, Kepler, and 
Aristarchus—are surrounded by rays similar to 
those of Tycho. The surfaces of the craters and 
the rays are so light that they are visible even 
if illuminated only by the weak light reflected 
from the Earth. These rays were almost surely 
formed by the expulsion of material from the 
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THE ORIGIN OF LUNAR CRATERS—Meteor- 
ites striking the solid surface of a planet at a 
high velocity form craters. The graph (Illus- 
tration 5a) shows the depths of such craters 
in proportion to their diameters. To the lower 
left are points corresponding to very small 
Craters (some of them artificially produced in 
the laboratory); in the center are points corre- 
sponding to craters produced by the fall of 
meteorites on the Earth's surface; to the upper 
right are points corresponding to lunar craters. 
A fairly regular, continuous curve joins all 
these points, giving some confirmation to the 
hypothesis that the lunar craters were pro- 
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craters from which they radiate, but it is not 
certain that they were formed as part of the 
same process that formed the craters them- 
selves. However, a comparison with terrestrial 
volcanoes indicates that this is possible. Dur- 
ing recent eruptions on Earth, volcanic matter 
has been hurled as far as 40 km (about 25 mi). 
In the absence of air resistance, it is possible 


duced by the bombardment of meteorites from 
space. 

A meteorite striking the surface of a planet 
acts like a bomb containing a Powerful ex- 
plosive. While moving in space, the velocity of 
the meteorite is extremely high. When the 
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One objection to this hypothesis concern f 
the origin of lunar craters is that, if the yet 
had been subjected to an intense meted! a 
bombardment, the same thing should Me 
taken place on the Earth, where there are 
apparent signs of such an occurrence. 
ever, in recent years, vestiges of innumeri A 
meteorite craters similar to lunar craters h a 
been discovered on Earth. Therefore, it m 
be argued that the region of space occi ‘0 
by the Earth and the moon was subject 
an intense meteorite bombardment, and the 
over the course of a few million years: ces 
forces of erosion destroyed all but a few bie 
of this bombardment on Earth. The hypo 
of a meteorite origin of the lunar craters ene 
not exclude the possibility that meteorite e, 
tration may have set off eruptive phenom 
thus generating a considerable invasior g 
magma onto the lunar surface. Further Gaee 
tion of the composition of the moon’s ee 
will undoubtedly provide clues to the my 
of the lunar craters. 
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the moon’s surface 
tains in the form of 
circular eml nts almost identical in 
appearance xe moon’s craters but 
with perfect entral floors, suggest- 
ing that the once have been filled 
with liquid atures are called ring 
plains or, «17 rerally, walled plains. 


The crat vius, Copernicus, and 
Eratosthen¢ typical of their class. 
The wallec a class of lunar for- 


f the ring plains Plato, 


es Ptolemaeus, are de- 
scribed in t sent article. Plato and 
Archimedes liameters of about 100 
km (about and Ptolemaeus, 140 
km (about ii). Others are even 
larger; a per inding at the center of 
such a pla i not see its surround- 
ing mounté s because of the curva- 
ture of the surface. 

An impor nd typical feature of a 
walled pla at the floor—that is, the 
plain—is a ly flat. In rare cases 
small crate be seen located on the 
flat floor ter slopes of the encir- 
cling wall imilar to those of other 
lunar crater inside slopes are steeply 
inclined. T ook as if the ring plains 
had once full of liquid that, when 
draining av eroded the inner slopes. 
A few large lled plains, such as that 
of the crater Pitatus, have a small peak 


near the center 
The circular shape of the walled plains 
and the craters surrounding them is not 
particularly surprising when it is con- 
sidered that they are thought to be 
formed by the impact of meteorites or by 
lava eruptions. However, with such a 
theory of origin, it is difficult to explain 
the formation of a hexagonal or a polyg- 
onal crater. The best example of this is 
the crater surrounding the ring plain 
Ptolemaeus; the crater has six almost 
perfectly straight sides. Other examples 
can be seen in photographs of the moon’s 
surface, Sometimes the walls of a ring 
Plain, instead of being segments of 
Straight mountain chains, are made up 
of arcs that intersect at the vertices of 
a hexagon. 
. The smooth flat floor of a walled plain 
is similar in many respects to that of a 


\R WALLED PLAINS 


lunar mare. In each case the surface is 
dark, as is clearly seen around the tenth 
night of a lunation in the Mare Imbrium 
and the nearby walled plain Plato. The 
main difference between the walled 
plains and the regular maria is one of 
1 


a mystery not 
yet understood 


size; the maria are generally larger. 

A clear distinction between the walled 
plains and the maria or seas is difficult 
to make at any point on the moon’s sur- 
face, as can be seen by looking at lunar 
photographs. A list of the large walled 


MARE SERENITATIS, THE SEA OF SERENITY 
—The flat smooth bottom of a walled plain 
on the moon is very similar to the flat smooth 
bottom of a lunar mare or “sea”; thus a clear 
distinction between the two is difficult to make. 


The large sea shown here with a number of 
markings called wrinkle ridges is the Sea of 
Serenity (Mare Serenitatis). Part of Mare Tran- 
quillitatis can be seen at bottom right of the 
photograph. 
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plains can be made in order of increasing 
diameter, ending with the largest ones 
such as Schickard, which is more than 
200 km (about 125 mi) across. The list 
can be extended by adding features of 
the moon’s surface that are classified as 
seas. For example, Sinus Iridum (Bay of 
Rainbows) is clearly bounded by a cir- 
cular rampart but with one third of the 
ring missing; its diameter is about 250 l 
km (about 155 mi). Mare Crisium (the § 
Sea of Crisis) has a diameter of 450 km | 
(about 280 mi); then, there are other 
small regular seas or maria of increasing 
size up to the very large ones such as 
Mare Imbrium, the largest. The margin pet 
of this last sea—now incomplete but in- 
cluding long mountain chains—is circular, 7 
resembling an ancient remnant of a now ra 
partially destroyed gigantic ring. = 

There are no differences in form be- (= 
tween the contours of Sinus Iridum, 
Mare Crisium, and smaller walled plains. 
Even the walls of Mare Crisium are 
polygonal. 

Mare Imbrium is bordered by curved “ 
mountain chains (such as the Apennines * 
and the Caucasus mountain ranges) that 
spread along arcs of the same circle, one 
after the other. The southeast border is 
the Carpathian chain, near the crater 
Copernicus. The northeast border is not 
a true mountain chain; nevertheless, it # 
is formed like an are and is situated be 
along the same circle as the chain of ‘s 
mountain arcs. 


LAVA INVASIONS OF 
MARE (SEA) BASINS 


In general, the floors of the lunar maria f 
and of the walled plains seem to be | 
darker than the rest of the moon’s sur- 
face. The floors of the maria and the 
walled plains appear to be lower than r 
the rest of the surface and may be called, H 
collectively, basins. = 
The composition of the rocks that make = 
up these flat expanses is thought to be ye 
different from the composition of those | 
that make up the rest of the moon’s sur- © 
face. Probably the rocks of the lunar M 
basins are similar to the Earth’s basalt 
and, therefore, can become fluid at tem- 
peratures at which other types of erup- 


THE WALLED PLAINS—These plains are com- 
mon forms on the moon's surface. Although 
they are similar in many respects to craters, 
the interior floors are completely flat and are 
rarely broken up by small craters. The ram- 
parts of some walled plains are polygonal in 
form like those of Ptolemy (Illustration 2a), 
but most of them are circular. This photograph, 
taken at the time of the last quarter, shows a 
portion of the moon between Ptolemy a and 
Tycho b. Illustration 2b shows the northern 
part of the moon with the mountain chains 
(Alps, Apennines, and Caucasus mountains) 
that border Mare Imbrium. The complete mare 
shown in Illustration 2b is Mare Serenitatis. 
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tive rock are already solid or at least 
extremely viscous. 

When the surfaces of the maria are 
viewed in light that arrives almost from 
the lunar horizon, near lunar sunrise or 
sunset, it is possible to see that the nearly 
flat surface may here and there show 
slight undulations like frozen waves. 
Such undulations are clearly visible in 
Mare Imbrium, where the surface shows 
marks like ripples, as if a wind had 
blown from west to east, stirring up the 
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MARE IMBRIUM, THE SEA OF DREAMS—This 
mare is the largest on the moon's surface. 
The part of its edge outlined by a series of 


curved mountain chains resembles the ancient 


remnant of a partially destroyed gigantic 
walled plain. 


surface of a liquid sea that had then im- 
mediately frozen. In reality, no such 
wind could have existed and these waves 
may have been produced by a flow of 
magma across the mare. Similar wave- 
like ripples can be seen in other flat 
areas. 

The impact of speeding meteorites 
against the lunar soil at a time when the 
moon was not completely solid may have 


perforated a solid crust and thus caused 
the formation of some craters, Magma 
may then have flowed out of such holes; 
if the viscosity of the magma was high 
enough and if it contained sufficient gas, 
it could have formed the small cones, 
resembling terrestrial cones of scoriae 
and lava, that can be seen here and 
there. Some of the craters may have 


formed in this way. Perhaps very hot 


fluid magma flowed 

filling certain crater 
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FILLED TO THE BRIM 


One example supporting the idea that E 
walled plains were once flooded by lava 
is the Wargentin crater, which is circular 
in form, flat in the center, and filled with 
lunar material up to the brim, a 80% 
300 m (about 1,000 ft) above the E 
rounding plains. Perhaps a small portio! 
of lava may have overflowed, splashing 
out over the sides. Such an event is not 
uncommon on the Earth. ie 
magma is always rich in gases aa 
pressure that readily expand and pug : 
up and out at the surface. This is K 
magma can flow from the mouth 0 i 
volcano even when its outlet is seve™ 


miles above the surrounding land. 
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Lunar seas, the maria, are large plains 
of solid matter, each probably at a dif- 
ferent level as a result of formation at 
different times in the moon’s history. 
Nevertheless, it is possible to make 
precise measurements of the heights of 
a lunar mountain above its immediate 
surroundings. In carrying out such mea- 
surements by the “shadow method,” the 
angle of the sun at the time of the mea- 
surement above the horizon at the loca- 
tion of the peak must be known. Then 
it is possible to determine the length of 


the shadow cast by the mountain on flat 
ground at its foot. A right triangle is 


drawn—a triangle in which one side. 


represents the horizontal length of the 
shadow on the moon, another side the 
vertical height of the mountain, and the 
angle of the Sun above the horizon is 
the acute angle opposite to this side. The 
height of the triangle represents the 
height of the mountain on the scale of 
the horizontal shadow, and it can now 
be measured from a drawing or calcu- 
lated. 


ee 


Shown in the photograph 
lunar features such as 
loored lunar crater more 


than 200 km (about 125 mi) in diameter, and 
Wargentin b, which is notable because the 
floor of the crater is raised about 300 m (about 


1,000 ft) above the surrounding lunar surface, 
perhaps because the crater was filled with lava 
rising up under pressure from below. 
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THE PHENOMENA OF 


THE SOLAR PHOTOSPHERE | * 


When Galileo pointed his telescope at the 
sun and discovered spots on it, his de- 
tractors ridiculed the find. They argued 
that, since the sun was by definition and 
tradition a perfect body, the telescope 
must be faulty. They were wrong, of 
course, for Galileo’s instrument clearly 
showed him something that had never 
been observed before: sunspots. 

If the sun is observed through a 
smoked glass, it appears as a very bright 
and almost uniformly luminous disk. Only 
rarely can a sunspot of large size be seen. 
Actually, many points on the solar sur- 
face are covered with small, dark spots 
of irregular outlines and varying sizes. 
These can be seen only under magnifica- 
tion. 


SUNSPOTS 


Sunspots appear to be dark because the 
gas of which they are composed is cooler 
than the same gas in other parts of the 
photosphere. Solar gas acts like a black 
body, and emits less light at lower tem- 
peratures than at higher ones. In the 
spots, the solar plasma reaches about 
4,000° C (about 7,200° F) compared to 


A GROUP OF SUNSPOTS—Sunspots are often 
isolated but sometimes appear in groups. This 
group of spots—one of the largest ever ob- 


the almost 6,000° C (about 10,800° F) of 
the rest of the photosphere. This tem- 
perature difference causes a difference in 
light emission by a factor of 5 or 6. Even 
though this light emission is less than 
that of the rest of the photosphere, its 
spectrum can be studied. It shows the 
same lines and the presence of the same 
elements that are observed in the photo- 
sphere at large. However, the lower tem- 
perature of the spots makes it easier to 
find the atoms of gas that have combined 
to form molecules or radicals; therefore, 
the spectra of the spots are particularly 
rich in molecular bands. 

Continued daily observation of a sun- 
spot seems to indicate that it moves 
around the sun. Actually, the sun itself 
rotates on its axis, taking the spot with 
it. If the spot lasts long enough, it disap- 
pears beyond the edge of the sun and, 
if its life-span is at least a month, it will 
reappear on the opposite side after a 
complete rotation. 

Because the spots are the only distinc- 
tive marks that appear on the sun's sur- 
face, early astronomers used them to de- 
termine the period of rotation. Then it 
was discovered that spots near the equa- 


served—appeared on March 17, 1951. The 
centers of the spots are dark because they 
are cooler than other areas of the spots. 


+ 
r 


9 
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SUNSPOT CYCLES 


On some days, the sun exhibits a great 
many spots; on other days, not a sing? 
spot can be seen, even with the most 
powerful instruments, The times when 
sunspots are abundant and those whe? 
they are rare occur in phases. Thest 
phases alternate over a period of abo" 
eleven-and-a-half years. Because the @® 
covery of this cycle was made in the 18 
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proximately every eleven years, the frequency 
of appearance is repeated. At the beginning 
of a cycle, the spots are at high latitudes; at 


the end of the cycle, they are a few degrees 
from the equator. 


THE BUTTERF 3APH—Dark areas in the 
graph show th dance of sunspots in suc- 
cessive years erent solar latitudes. Ap- 
3 
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century, too few cycles have passed for a 
precise measurement to have been made. 
Furthermore, the cycle is not strictly peri- 
odical; it has been as few as eight years 
and as many as thirteen. 

1 Astronomers have tried to find a rela- 
tionship between the sunspot cycle and 
the intensity of the radiation that the 
sun sends into space. It has not yet been 
possible to measure any appreciable vari- 
ations in the intensity of solar radiation. 
However, observation of phenomena oc- 
curring on Earth that are influenced by 
the quality and quantity of solar radia- 
tion confirms that changes do take place 
in this radiation during the eleven-year 
cycle. For example, growth rings of cen- 
turies-old trees show patterns that are 
wide and narrow during periods of 
eleven years. This periodic variation in 


SOLAR INFLUENCES—The effects 
of the sun on the Earth are largely 
unknown, but it is certain that the 
eleven-year sunspot cycle has an 
influence on the climate. This in- 
fluence determines the variation 
in the growth rate of wood, as 
shown in this cross section of a 
tree trunk. 


the speed of growth of vegetable life 
can even be found iù the growth rings 
of fossil plants that lived hundreds of 
millions of years ago. 

These observations provide very strong 
evidence that the sun that shone on the 
Earth in the most remote geological eras 
was similar in its physical characteristics 
to the sun that shines today. 


THE BUTTERFLY GRAPH 


An interesting study of the sunspot phe- 
nomena can be made by constructing a 
graph with time as the axis of the abscissa 
and the solar latitude as the ordinate. 
Every time a spot appears, a point, cor- 
responding to the date and the latitude 
at which the appearance occurred, is 
marked on the graph. This will disclose 


an interesting and curious fact. During 
the eleven-year cycle, the spots appear, 
little by little, at ever lower latitudes. At 
the beginning of a cycle, the first spots 
are observed at a solar latitude of about 
40° north or south. Subsequent spots ap- 
pear successively closer to the equator. 
The final spots in a cycle are found up to 
5° above or below the equator. Mean- 
while, other spots, belonging to a new 
cycle, appear at high latitudes. 

A graph drawn in this manner assumes 
a characteristic appearance—thus the 
name “butterfly graph,” because of the 
shape of the marked areas. 


THE STRUCTURE OF SUNSPOTS 


When observed through a telescope, 
smaller sunspots appear uniformly dark. 
Their edges seem to be slightly indented 
and their shape is always more or less 
circular. 

The edges of larger spots are often 
broken up, and the spots are darker at 
the center than at the edges, although 
there is no lessening of intensity. The 
darker, homogeneous center is the umbra; 
the lighter outer part, which is furrowed 
with radial filaments, is the penumbra. 
The penumbra is lighter because its tem- 
perature is between that of the cooler 
center spot and the surrounding photo- 
sphere. 

Sunspots are often grouped together in 
varying numbers; sometimes a group 
contains tens of spots. Groups of spots 
appear almost exclusively during the pe- 
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THE SUN FROM A HEIGHT OF 32 KM (ABOUT lence, was taken through a telescope carried umbra), the out part (the 
20 MI) ABOVE THE EARTH—This photograph, by a balloon to an altitude of 32 km (about 20 bra), and the g II clearly vee 
undistorted by low-level atmospheric turbu- mi). The darker central part of the sunspot (the ible, 
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GRANULE: 

Observation olar surface with a 
telescope ha solving power of at 
least one se arc shows that the 
photospher« han being uniformly 
brilliant, is « y a myriad of small 
points light their background. 
Most of the re of the same size 
and have the ince of grains of rice 
lying close tc on a sheet of paper; 
thus their n inules, 

The dime solar granules vary 
from 200 to (about 125 to 1,250 
mi); larger re rarely observed, 
and the mc uently found size is 
about 960 k it 600 mi). The gran- 
ules are no nent features of the 
sun’s surface hange shape in min- 
utes. They ably formed by the 
movements photospheric plasma, 
which rises like a boiling liquid. 

Until rec s, observation of gran- 
ulation was ect because the pres- 
ence of the sı If causes perturbations 
in the Eart iosphere, greatly dis- 
turbing ima n through a telescope. 
Even under best atmospheric condi- 
tions, granules are difficult to observe. 

In order to study the evolution of gran- 
ules, astronomers sought a way to avoid 
the atmospheric turbulence produced by 


solar radiation. They tried placing their 
instruments on high mountains so that 
the more rarefied atmosphere of these 
high places would yield less distorted 
images. This gave them a better but still 
inadequate view. 

ln 1955, a group of English astrono- 
Mers ascended in a balloon to a height 
of approximately 18,000 feet, taking with 
them a 25-cm (about 10-in.) reflecting 
telescope. At that height, better images 
of granules were obtained than would 
have been possible at the same height on 
the Earth’s surface. This is because the 
ground, which is heated by the sun’s rays, 
m turn heats up the atmosphere in con- 
tact with it, thus creating inadequate 
Conditions for observation. 


SCHWARZSCHILD’S PROJECT 


To make observations under still better 
conditions than his British colleagues, the 
American astronomer Schwarzschild con- 
structed a telescope with movie camera 
capable of focusing on the sun; this de- 
vice was then attached to an unmanned 
balloon. The balloon made many ascents 
to altitudes up to about 27,000 m (about 
90,000 ft); the films show that the gran- 
ules are formed on the photospheric 
background, that they grow in the space 
of a few minutes, and that once they have 
reached a sufficiently large size, they 
split up into smaller grains that, in turn, 
continue the growth pattern (IIlustra- 
tion 6). 

In many kinds of astronomical re- 
search, balloon flights have many ad- 
vantages over rocket flights. They last 
longer and cost much less, and the re- 
covery of delicate instruments is much 
easier. The use of artificial satellites 
would make the task of recovery far more 
difficult, and also pose the problem of 
transmitting to Earth such complex in- 
formation as data on the evolution of 
granules. 


FACULAE 


Galileo observed not only sunspots but 
also gases of varying extension that were 
more brilliant than the background pho- 
tosphere. He gave these the name “fac- 
ulae.” Faculae are regions of the photo- 
sphere where the temperature of the 
solar plasma is higher than in other re- 
gions of the solar surface. The tempera- 
ture variation may be only a few hundred 
degrees, but the hotter areas appear 
much more brilliant than their surround- 
ings. The study of faculae is as important 
as the study of sunspots for an under- 
standing of the sun. 

Faculae are often close to sunspots; 
through the telescope, they appear as 
lighter regions in the form of irregular 
patches partially joined together. Some- 
times, however, they appear in a region 
before sunspots appear, as a forewaming 
of the spots’ impending appearance. 

Faculae observed on the sun’s circum- 
ference stand out better against the 
photospheric background than those ob- 
served elsewhere—they are slightly less in- 
tense in these areas since their light must 
cross part of the solar atmosphere. The 
faculae are raised slightly over the pho- 
tospheric background; their light reaches 
Earth after having crossed a lesser atmo- 
spheric thickness on the Earth's surface. 
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SMALL SPOTS—Small sunspots are frequent; 
the smaller ones may be confused with spaces 
between granules. Small spots are frequently 
grouped together. 


PROMINENCES OF THE SUN | & 


Many years before spectroscopic analysis 
was used to study the composition of the 
sun, it had been observed that during a 
total solar eclipse the black disk of the 
moon appeared bordered by an unusual, 
purple-colored edge—the chromosphere. 
From the chromosphere arose flaming 
projections that appeared to be composed 
of the same material as the chromo- 
sphere. These phenomena, which were 


SOLAR OBSERVATIONS BY TELESCOPE— 
Because of the enormous amount of light 
available from the sun, solar observations may 
be carried out with small telescopes. The 
astronomer (Illustration 1) is recording on 
Paper the position of sunspots on the image 
Projected by the sun. 


visible on the solar surface, were given 
the name of solar prominences. 

In 1868 the British astronomer Sir Nor- 
man Lockyer built an instrument de- 
signed for observation of solar promi- 
nences without the aid of a solar eclipse. 
The instrument consisted of a spectro- 
scope illuminated by the sun and pro- 
vided with an adjustable slit. First, the 
slit was focused on the sun's dis 


AN AVERAGE PROMINENCE—This promi- 
nence (Illustration 2), observed on December 


25, eck, is of average size but of high lumi- 
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velocity of the rise may be as great as 
hundreds of kilometers per second. At 
times, the prominences diminish rather 
than grow during this ascent. 

Taking as a hypothesis the assumption 
that a solar prominence is a jet of gas, 
the velocity of the gas should decrease 
as the prominence rises. Solar radiation, 
pushing outward on the atoms of gas 
comprising the prominence, could result 
in an increase in its velocity. A law of 
physics states that a force acting in a con- 
stant way on a mass will increase the 
velocity of the mass at a constant rate. 
Thus, it is possible that the motion of 
some prominences is chiefly the result 
of one of these two phenomena or possi- 
bly a combination of both. 

Although prominences reach a height 
of between 50,000 and 600,000 km (about 
31,000 and 373,000 mi) above the sun's 
surface, some have been observed at 
greater heights. In December 1938 a 
prominence thrust to a height of 907,000 
km (about 564,000 mi), and in June 1946, 
a prominence—the largest ever observed 
—had the shape of a colossal arch with 
a base width of 600,000 km (about 
373,000 mi). The arch of this giant promi- 
nence rose and finally dissolved. Traces 
of the prominence reached a height of 
1,700,000 km (about 1,056,000 mi), equal 
to 1.22 times the diameter of the sun. 
During the ascent phase the velocity of 
the traces doubled about 140 to more 
than 300 kilometers per second (about 
87 to 186 miles per second). 


MOTION OF THE PROMINENCES 


Solar prominences move both in latitude 
and longitude, thus changing their shape 
and size. The prominences often form 
near active areas—that is, the zones of 
sunspots and other photospheric distur- 
bances. Solar prominences, therefore, are 
born near the sun's equatorial region, 
where such disturbances are most fre- 
quent. Furthermore, prominences that 
last for a period of two or three solar 
rotations stretch out into branches that 
redescend toward the photosphere, form- 
ing arches. These branches do not de- 
scend at random, but toward the point 
from which the prominence originated. 
The branches are usually positioned in 
such a way that the arch of the promi- 
nence is parallel to a solar meridian. If, 
however, the arch lasts longer than one 
solar rotation, it no longer remains par- 
allel to a meridian but is positioned 
obliquely to it. This is due to the fact 
that the velocity of the sun’s rotation is 
different at different latitudes. When 
solar rotation causes an arching promi- 


nence to project itself entirely against 
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EVOLUTION OF AN ERUPTIVE PROMINENCE 
—Successive photographs of this type of 
prominence clearly show its swift motion. 
This prominence rises from the surface of the 
sun at an extremely high velocity (Illustrations 
3a, 3b, and 3c). The luminous gas of the 
prominence is not always in motion. The na- 
ture of this motion is not clearly understood. 

As the prominence develops upward, its 
luminosity gradually decreases. 
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the solar disk, the prominence itself ap- 
pears in monochromatic light as a dark 
filament. 

The rapid movements of a prominence 
observed on the sun's edge indicate the 
influence of magnetic fields. In fact, the 
prominences close to the spots can be 
seen rising along the lines of the magnetic 
field of the spots. Often the filaments of 
a prominence emerge from a spot, rise 
up along an arched trajectory and then 
descend toward a second spot or other 
center of activity having a magnetic field. 

Inasmuch as the gas of the promi- 
nences is partly ionized, it is reasonable 
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LARGEST OBSERVED PROMINENCE—This 
arch-type prominence which appeared on 
June 4, 1946, is the largest yet observed. 
Its maximum distance above the sun's surface 
exceeded 800,000 km (about 497,000 mi), a 
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to assume that its movement adheres to 
both the laws of motion of fluids and 
the laws of motion of charged particles 
in a magnetic field. The science dealing 
with the dynamics of all these motions 
is called magnetohydrodynamics. This 
science was developed to resolve the 
problem of the motion of charged parti- 
cles in magnetic fields, and especially to 
predict the trajectories of those electrons 
and protons emitted by the sun that 
reach the Earth. Recently, magnetohy- 
drodynamics has resolved certain prob- 
lems relative to the laboratory production 
of plasma at extremely high tempera- 
tures, and is also employed in answering 
complex questions concerning the motion 
of solar material. 

One odd fact that has been detected 
through observation of solar prominences 
is that conspicuous parts often cease and 
then resume their luminosity, keeping 
the same shape as before. A prominence 
may suddenly become luminous along its 
whole extent, or it may become pro- 


ALMOST A FILM SHOT—lilustration 5a isa 
photograph of an extraordinary prominence 
observed October 8, 1920. It shows the rapid 
increase in the prominence’s upward thrust 
of up to 300,000 mi. The superimposed white 
disk represents the size of the Earth. 

Illustration 5b shows nine successive photo- 
graphs of prominences observed on July 25- 
29, 1908. 


distance more than the diameter of the sun. 
The shape of the arch is common to many 
Prominences and is due to the fact that its 
development follows the lines of force of the 
solar magnetic field. 


gressively luminous almost as if it were 
catching fire; such luminosity spreads at 
great speed. This phenomenon is easily 
distinguishable from actual motion of 
the gaseous matter making up the promi- 
nence. In the latter case, the velocity of 
the material of the prominence is mea- 
sured by the Doppler effect. 

The movements of the prominences 
show a fascinating aspect of the sun’s 
life, and photographs show the full ex- 
tent of their beauty. Solar prominences 
are generally photographed with a mo- 
tion picture camera attached to a tele- 
Scope or to a coronograph, which regis- 
ters a photograph every few seconds. A 
film of the entire duration of a promi- 
nence permits measurement of its ve- 
locity and plotting of its trajectory. 


EMISSIONS FROM THE SUN 
The sun’s escape velocity is about 600 km 


(about 373 mi) per second. A particle of 
matter must move at least at this velocity 
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casionally move away 
velocities far exceeding 
sities. As a result, the 
matter making up the highest parts of 
these prominences escapes the sun’s grav- 
itational attraction and is dispersed into 
Space. 

The sun, however, emits material in 
other ways. Many phenomena of sudden 
activity, such as solar flares, are often ac- 
companied by emissions of swarms of 
electrons, and sometimes of protons, both 
of which reach the Earth. The mecha- 
nism that moves these charged particles 
through space between sun and Earth is 
very different from that which moves the 
Prominences. The particles are pushed 
by the pressure of solar radiation, or 
Proceed through inertia, after having 


undergone mechanical thrusts from the 
underlying solar material. Particles issu- 
ing from the zones of solar activity are 
accelerated instead by electromagnetic 
phenomena. The rapid formation of a 
magnetic field can accelerate an elec- 
tronically charged particle to a velocity 
close to that of light. Although it is clear 
that the mechanism of acceleration is 
based on this phenomenon, the details 
are not yet known. 

Systematic observation of solar flares 
has shown that they are generally fol- 
lowed by magnetic disturbances in the 
Earth’s atmosphere and by auroras. The 
time interval between these disturbances 
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CORRELATION OF SOLAR PHENOMENA—In 
order to discover the link existing between 
phenomena that appear to be different, such 
as prominences, solar spots, flocculi, and solar 
flares, astronomers often combine photographs 


and the appearance of solar flares is de- 
termined by the type of solar flare, and 
depends on the velocity of the particles. 
The average velocity of the electrically 
charged particles that reach the Earth 
varies from thousands of kilometers per 
second to more than a hundred thousand 


kilometers per second. The arrival of 
electrons and protons affects the Earth’s 
magnetic field so much as to cause the 
needle of a compass to deviate by many 
degrees. This effect is due to the passage 
of these charged particles near the Earth 
and not to the magnetic fields that are 
formed on the sun’s surface. If the latter 
were true, the magnetic disturbances of 
the Earth’s atmosphere would be de- 
tected at the instant of their formation 
and not after a delay that is sometimes 
more than a day. Lastly, the arrival on 
Earth of these swarms of particles 
produces an atmospheric luminescence 
known as the aurora, which occurs over 


of the prominence with a spectroheliogram of 
the solar disk. This photographic combination 
of the solar events of August 14, 1907, dis- 
closes an obvious relationship between a 
prominence a and flocculi b. 


both of the Earth’s poles. The charged 
particles follow most easily the lines of 
force of the Earth’s magnetic field; and 
these lines of force pull the particles 
toward the Earth’s poles, where the lines 
of force of the Earth’s magnetic field 
converge. 
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ECLIPSES OF THE SUN | 


The total solar eclipse—with its abrupt 
transition from daylight to dusk to dark— 
is one of the most dramatic of all celestial 
spectacles. Because a solar eclipse is ob- 
servable without the aid of a telescope, 
it has fascinated and awed mankind 
through the ages. 

In ancient times, eclipses of the sun 
were viewed with terror. Primitive man 
believed that the darkness that suddenly 
blotted out the sun’s life-giving light was 


GEOMETRICAL CONDITIONS NECESSARY 
FOR A SOLAR ECLIPSE—An eclipse of the 
sun occurs when the moon, in its orbit around 
the Earth, comes between the Earth and the 
sun, casting a shadow over the face of the 
Earth. This shadow consists of two distinct 
Parts—the umbra, or total shadow, into which 
no direct sunlight penetrates, and the pe- 
numbra, or half shadow, which is partially 
penetrated by direct sunlight. 

By an exceptional coincidence, the sizes 
and distances of the sun and moon are such 
that each subtends very nearly the same 
one-half degree angle in relation to the 
Earth. However, their apparent sizes—as 
viewed from Earth—are not constant; they 
vary according to the pattern of the elliptical 
orbits of the Earth and moon. As a result, 
when Earth is at its nearest approach to the 
sun, and the moon is at its greatest distance 
from Earth, the apparent disk of the moon is 
far smaller than the sun. Conversely, when the 
distances are reversed the moon's disk ap- 
pears larger than the sun. Thus, the totality, 
duration, and geographical sighting of a solar 
eclipse depend on the orbital positions of 
Earth and the moon at the time of the eclipse. 

Illustration 1a shows the relative positions 
of the moon, the Earth, and the cone of the 
lunar umbra formed by solar illumination, 
With the moon moving around the Earth on an 
elliptical orbit, the full moon or new moon 
phases can occur when the moon is at apogee 
or perigee or in an intermediate position. 
Eclipses of the sun can also take place in 


an omen of the gods’ displeasure. Among 
the many mentions of eclipses in ancient 
writings is an account by Herodotus, de- 
scribing a battle between the Lydians 
and the Medes that ended in a sudden, 
fearful truce after a blotting out of the 
sun. Pindar, in a poetic message to 
Thebes in 463 B.c., pondered on the mys- 
tic portent of an eclipse: “Beam of the 
sun! O thou that seest afar, what wilt 
thou be devising? O mother of mine 


any month of the year. Therefore, the appar- 
ent size of the sun in relation to the moon at 
the time of a solar eclipse depends on the 
time of the year and the distance separating 
the sun and Earth in its eliptical solar orbit. 
For example, the sun appears larger during 
the winter than in the summer. 

When Earth is at point A in its orbit, the 
vertex of the lunar umbra cone falls short of 
the Earth's surface. When this occurs, the 
result is a partial, or annular, eclipse. (The 
Phases of an annular eclipse are shown in 
Illustration 1b.) If the umbra’s contact occurs 
when Earth is at orbit position E, the eclipse 
will be total at the vertex of the cone, but 
will last only a moment. (The stages of its 
development are shown in Illustration 1c.) 
Lastly, when umbra contact occurs while Earth 
is at orbit position E, the cone's vertex covers 
a much larger area of the Earth. At such 
times, not only is the area covered by the total 
eclipse far more extensive, but the blackout 
lasts much longer. (The Stages of the develop- 
ment of a total eclipse are shown in Illustra- 
tion 1d.) 

Illustration 1b shows the phases that occur 
during an annular eclipse. The moon ap- 
Proaches the sun from the right and begins 
to cover it from Earth's view. This instant 1 
Marks the beginning of the eclipse. Continu- 
ing its movement, the moon progressively 
blankets the sun's disk. As the sun is covered, 
a moment is reached when the moon's disk, 
which appears smaller than that of the sun, 
is at an internal tangent to the easterly por- 
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Paresh as the umbra cone is exceedingly 
an at the Point of its intersection with the 

na! a total eclipse is confined to the nar- 
area over which the umbra passes. How- 


Although the ancients were eventually 
able to predict a darkening of the sun, 
they could not pinpoint a specific time, 
nor could they fully explain the cause 
of a solar eclipse. Many related it to an 
act of the gods rather than to a natural 
phenomenon. For example, in 168 B.C., 
during Rome’s war with Macedonia, 
Roman soothsayers interpreted a solar 
eclipse as a portent that the king of 
Macedonia would fall. 


i; i tend 
ever, this narrow belt of totality may ex 
for thousands of miles across the Earth's sur- 
face. During the period of totality all direct 
sunlight vanishes; aS the sky suddenly dark- 


Although deeply rooted in mythology, 
the eclipse records kept by scholars of 
the ancient civilizations provided a valu- 
able basis for modern-day astronomical 
knowledge, especially in the determina- 
tion of “secular accelerations”—the study 
of progressive changes in celestial mo- 
tions. In 1749, for example, Richard Dun- 
thorne used records of eclipses compiled 
over a 2,000-year period to demonstrate 
the existence of such celestial accelera- 


ens, the brightest stars become visible, and 
the moon’s dark disk appears to be framed 
by the pale halo of the sun’s corona. 


tion. In 1787, the French astronomer 
P. S. de La Place utilized ancient records 
as a basis for development of the first 
great text on celestial mechanics. Now, 
however, the factors which produce an 


THE DURATION OF A SOLAR ECLIPSE—The 
duration of a total solar eclipse—the time that 
passes between the second and third contact 
—depends on the latitude from which the 
eclipse is observed. As shown in this illustra- 
tion, the moon's umbra moves over a portion 
of the Earth, traveling at approximately the 
same velocity as the moon in its orbit. The 
red arrows indicate the direction of movement 
of the umbra, which advances at approxi- 
mately 3,300 km (about 2,050 mi) per hour. 
However, an observer on Earth will not see 
the umbra pass at this speed because the 
Earth is rotating in the same direction as the 
moon’s shadow. The velocity of the Earth's 
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eclipse are fully understood. With the 
rapid advances of computer technology 
during the last two decades, the various 
stages of the phenomenon have been cal- 
culated to within a fraction of a second 
several years in advance, 

Today, many observations that were 
once conducted by astronomers only dur- 
ing a total solar eclipse—such as examin- 
ing the external solar layers that are 
normally hidden by the sun’s brilliant 
glare—are no longer dependent on an 
eclipse. Development of such instru- 
ments as the coronagraph has enabled 
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astronomers to observe the sun’s atmo- 
sphere, or chromosphere, on a clear day. 
Thus, the study of the sun’s chromo- 
sphere, and of its corona and solar promi- 
nences, no longer must wait on total 
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ian Beas E 
rotation depends on the latitude. The maxi- 
mum rotational velocity is about 1,700 km 
(about 1,056 mi) per hour at the equator, 
or nearly 50 percent slower than the speed 
of the umbra. At higher latitudes, the rota- 
tional velocity is lower, and the speed with 
which the umbra passes across these areas 
is greater than at the equator. Thus, the 
maximum duration of a total solar eclipse is 
7 minutes, 40 seconds for a stationary viewer 
at the equator; at a latitude of 45°, the period 
of totality does not exceed 6 minutes, 30 
seconds. The total duration of all phases of 
a total solar eclipse, from the first through 
fourth contacts, is approximately 4 hours. 
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solar eclipses, which are relatively in- 
frequent, often occur in distant parts of 
the world, and last only a few minutes. 

Nevertheless, the natural phenomenon 
obviously is more dramatic than artifi- 
cially produced effects. Also, certain phe- 
nomena can be studied only during a 
total eclipse; moreover, a total solar 
eclipse provides the opportunity to study 
solar radio effects and terrestrial iono- 
spheric phenomena that normally cannot 
be detected because of the relatively 


small resolving power of radio tele- 
scopes, 
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he weaker stars and the 
he corona can be photo- 
the light of the corona 
easily registers on the film, its luminosity de- 
creases by a factor of over 100 between the 
limb and the distance of one solar radius 
from the surface; furthermore, the corona is 
more than a million times fainter than the disk 
itself. Therefore, to obtain successive photo- 


graphs of the corona, different exposure times 
must be used for the varying phases. 

The third contact marks the end of totality. 
From this point on, sunlight begins to return, 
and the phenomena described above reoccur 
in reverse order. Daylight returns as suddenly 
as it vanished, and the thin crescent of the 
sun gradually expands. Approximately 1% 
hours later, the second partial phase of the 
eclipse ends with the fourth contact, when 
the moon's final intrusion on the solar rim 


disappears. 
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THESSUN THROUGH 


[T5 SPECTRUM | capturing the sun on film 


Sir Isaac Newton discovered as early as 
1666 that a beam of sunlight would pro- 
duce all the colors of the rainbow when 
passed through a glass prism. Later sci- 
entists were able to interpret this rain- 
bow of color, called a spectrum, as the 
components of ordinary white light. By 
means of spectral analysis certain facts 
about the physical and chemical compo- 
sition of the sun and other stars have 
been determined. 


THE SPECTRUM OF 1 
THE SUN— The dark 
lines are caused by 
elements in the sun's 
atmosphere, each of 


which absorbs light of 


one particular color. 
The letters indicate the 
most clearly marked 
lines discovered by 
Fraunhofer. 


THE SPECTRUM OF THE 
PHOTOSPHERE 


A telescope reveals the sun as a disk of 
intense brightness. Its dazzling surface, 
known as the photosphere, is an almost 
perfect sphere; it acts as a boundary be- 
tween the inner part of the sun—where 
the atoms of the sun’s main constituent, 
hydrogen, are ionized or missing their 
electrons—and the outer part, where the 
hydrogen atoms are whole. The ionized 
hydrogen lying beneath the photosphere 
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has a temperature increasing from about 
6,000°K (about 10,300°F) at the photo- 
sphere to millions of degrees at the cen- 
ter of the sun. When the white light of 
the photosphere is observed through a 
spectroscope, the spectrum is found to 
include the entire range of colors from 
red to violet. 

The spectrum of any substance may 
be studied by heating the substance until 
it becomes luminous. This process pro- 


duces a mass of luminous radiation called 
an emission, or bright-line, spectrum. The 
emission spectrum can be recorded pho- 
tographically as a collection of luminous 
lines. A second kind of spectrum appears 
to be practically the opposite; it is the 
absorption, or dark-line spectrum—so 
called because it appears as dark lines on 
a light background. 

C SA S 


PHOTOSPHERE AND REVERSING LAYER—If 
the white light of the photosphere did not pass 
through layers of gas, the solar spectrum 
would appear as shown on the left (Illustration 
2a), with no lines on it; an actual spectrum 
is shown on the right (Illustration 2a). The 
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trum are caused by a layer of gas, known 
as a reversing layer, that exists just out- 
side of the photosphere. The density and 
temperature of this gas is lower than that 
of the photosphere. The gas is not ionized 
and does not allow all the light from the 
photosphere to pass through. It absorbs 
the colors that the spectrum shows are 
missing, and the Fraunhofer lines appear 
in their places. This is why the solar 
spectrum is called an absorption spec- 
trum. To show the complete solar spec- 
trum in all its detail would require a pho- 
tograph 10 yards long. Such a photograph 
would contain more than 20,000 Fraun- 
hofer lines. 

The various elements present in the 
sun can be identified by comparing the 
spectra of known elements with the solar 
spectrum. This is done by superimposing 
the known-element spectra one by one 
on the solar spectrum, always using the 
same spectroscope. If the absorption 
lines coincide, the presence of that ele- 
ment in the sun is indicated. 

The sun’s spectrum contains lines for 
almost all elements. Those elements not 
indicated are among the rarest in the 
universe. The elements sometimes can be 
found in the sun and in other stars in 
more than one isotopic form. (Isotopes 
of an element have the same atomic 
number, but a different atomic weight.) 
A spectroscope can be used to study 
these isotopes because they produce lines 
almost identical to those of the basic 
element; the position of the spectrum of 
each isotope, however, is different. 


EXTENDING THE 
SOLAR SPECTRUM 


The sun’s visible light and ultraviolet 
radiation down to about 3,000 A (Ang- 
stroms) can be studied from photo- 
graphs. (In spectroscopy, wavelengths 
usually are stated in Angstroms. One Ang- 
strom is about 4 X 10—° in., or one ten- 
billionth of a meter.) The sun produces 
other kinds of radiation, particularly in- 
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frared rays, which exceed 7,000 A and 
ultraviolet rays with wavelengths of less 
than 3,000 A. Ordinary film is useless in 
the analysis of the sun’s infrared spec- 
trum. This kind of analysis requires spe- 
cial film that is sensitive to infrared radia- 
tion. A further limitation on study of the 
infrared spectrum is the Earth’s atmo- 
sphere, which contains both carbon diox- 
ide and water vapor, both of which ab- 
sorb some infrared radiation. 


THE ULTRAVIOLET 
SPECTRUM OF THE SUN 


The sun emits a considerable quantity of 
ultraviolet radiation having wavelengths 
below 2,900 A; this amount would kill all 
living beings on Earth were the radia- 
tions not partly absorbed by the oxygen 
in the Earth’s atmosphere. Even the small 
quantity of ultraviolet rays that reaches 
the Earth is strong enough to cause 
sunburn, and permanent damage can be 
inflicted on the retina of the eye if 
ee Se eee 
X-RADIATION (X-RAYS) EMITTED BY THE 
SUN—This is how the sun would look to an 
observer if he could stand outside the Earth's 


atmosphere and if his eyes were sensitive to 
x-radiation rather than to visible light. 
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atmosphere. Photographs of the sun 
made by using x-rays as radiation (Illus- 
tration 5) show it as it would appear to 
human eyes sensitive to x-rays rather 
than to visible light. 

Because lines from the photosphere 
pass through the various layers of Earth’s 
atmosphere, the solar spectrum contains 
additional lines called telluric (meaning 
earth) lines. These may be distinguished 
from solar lines in several ways. Telluric 
lines, for example, vary in intensity ac- 


THE INFRARED SPECTRUM OF THE SUN— 
This photograph shows the infrared zone in 


cording to the sun’s height above the 
horizon. At midday the layer of air 
through which sunlight must pass is 
thinner than it is at dawn or dusk. One 
of the clearest of the telluric lines is 
produced by oxygen. 


THE TEMPERATURE 
OF THE SUN 


An instrument called a bolometer pro- 
vides scientists with one way to deter- 
mine the sun’s temperature. A bolometer 
measures the amount of solar energy 
carried by each kind of radiation. In this 
way, the temperature of the photosphere 
has been estimated at 5,770° K (about 
9,900° F). The absorption lines of the 
solar spectrum are formed mainly inside 
the reversing layer, just above the photo- 
sphere. Because the temperature of a gas 
determines the breadth of the spectral 
lines, the lines can be used to measure 
the temperature of the various layers of 
the sun’s atmosphere above the revers- 
ing layer. Careful measurements reveal 
that these temperatures often exceed 
6,000° K (about 10,300° F). 


According to mathematical models of 
the structure of the sun, the temperature 
at the center is about 20,000,000° K. Go- 
ing out from the center of the sun toward 
the surface, about 4,200°K is reached 
at the very top of the photosphere. In 
the chromosphere, the temperature be- 
gins to rise until the beginning of the 
corona, where the temperature is about 
500,000° K. In the outer parts of the 
corona, radio observations are best fitted 
by a temperature of 1,500,000° K. 


the part of the solar spectrum that comprises 
wavelengths between 7,600 and 7,700 A. 


HARNESSING SOLAR ENERGY 


Solar radiation at the outer limit of the 
Earth’s atmosphere has an average in- 
tensity of 1.41 km per sq m (445 BTU 
per hour per sq ft), known as the solar 
constant. Only about 46 percent of the 
incoming solar energy actually reaches 
the Earth’s surface, however; about 35 
percent is reflected back into space by 
clouds, and the atmosphere absorbs the 
rest. For many centuries, man has tried 
to harness the sun’s radiant energy. Ad- 
vances have been made in using solar en- 
ergy to generate heat, to bring about 
chemical reactions, and to produce elec- 
tricity. Terrestrial solar-power systems 
have had little success because of the 
irregularity of operation and the exces- 
sive cost; but in space, the supply is cer- 
tain and there are no competitive sources 
of endless energy. Artificial satellites and 
space vehicles employ thousands of sili- 
con cells that pick up energy from the 
sun and generate power. The major po- 
tential areas for use of solar energy on 
land lie where sunshine is plentiful and 
other energy sources are scarce. 
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THE ROTATIONAL SPEED OF THE SUN—The 
sun is not a rigid body. Its speed of angular 
rotation is greater at the equator than at the 
poles. A point on the equator completes a 
full rotation in less time than a point near the 
poles. Points that start in line with each other 
on the same meridian (for example, the one 


on the left) will be out of line later, the points 
on the equator having moved ahead of those 
at the poles (as shown by the red line on the 


right). If the speed of angular rotation were 
uniform, the points still would be in line (as 
shown by the dotted line). 


TURBULENT GAS IN THE 
PHOTOSPHERE AND THE 
REVERSING LAYER 


When one of the narrower lines of the 
solar spectrum is examined through a 
large spectroscope, the edges of the line 
seem to be jagged. As time passes, the 
shape of the jaggedness changes; this 
change is caused by the movement of 
the sun’s gas. Such movement is contin- 
uous and rapid because the surface of 


the photosphere is the place where solar 
energy, after struggling to escape from 
the center of the sun, bursts into space. 
By a process of convection, the surface 
of the photosphere receives heat from 
inside the sun and radiates it into space. 
In much the same way that the surface 
of a liquid bubbles 
below, the 


when heated from 
solar gas in the reversing layer 
is chumed by movements that cause it 
to rise and fall at a speed of several hun- 
dred yards a second. 
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(because of the Dopp fect), and the 
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by observations at various latitudes t 
the sun’s sphere shows that the sun a 
not rotate as a rigid body. Any p 
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rotation in less time than does a pol 


T o) also 
near the poles. This phenomenon ; 
time 


can be observed by measuring the t A 
taken by the spots appearing on the a 
surface, the faculae, at various ati 
to complete one full turn. Tuto 
shows how the equator’s greater va 
tional speed causes a point on the aa 
tor to overtake those near the poles # a 
a few rotations. Near the equator, P 
mean rotation period is 24.65 day 6° 
solar latitude 20°, it is 25.19 days; at ® > 
26.63 days; and at 60°, 30.93 days. 


th of light cor. | 


shifting wave. | 


THE EMISSION OF RADIO 
WAVES BY TEET EN 


a natural transmitting station 


Ever since t st radio-astronomical 1 
researches W idertaken, it has been 
apparent th lio waves are being 
emitted by t! The intensity of solar 
radiation dic seem very great at 
first. Radio t« es could pick up solar 
radiation ea ut it was no stronger 
than interst« idio sources. In fact, 
however, the sources of radio waves 
within the g system that are equal 
in intensity t waves emitted by the 
sun, indicati it their power of emis- 
sion is infini treater. If the sun were 
ten million nearer than these dis- 
tant galacti es, it would mean that 
their intensi 107)? times that of the 
sun. The su dio waves, though not 
particularly ise, nevertheless, be- 
cause of tl s relative closeness to 
the Earth, « studied in great detail. 
EMISSION RADIO WAVES 

BY THE £ 

Transmissic n a distant radio station 
is sometin iterrupted by irregular 
noises that rapidly in intensity. Solar 
radio emissic., as well as emission from 
other celesti’ bodies, is basically similar, 
even though: the origin of the two types 
of radio we\cs—terrestrial and solar—is 
different. Broadcasting disturbances can 


originate either in the Earth’s atmo- 
sphere, where they are caused by elec- 
trical discharges, or in the solar corona. 
When an unknown radio source is 
studied, the most important thing is to 
determine the nature of the radio waves 
received, with the aim of understanding 
what could have produced them, aid 
the physical makeup of the emitting 
source. Radio sources outside the plan- 
etary system generally are constant in 
their emission. The sun, however, does 
not always maintain the same intensity 
of emission. Because of this, it is cus- 
ay to distinguish between the radia- 
ion emitted during long periods of weak 
oe and the very intense radia- r soe Ba an wae, cause the sun is relatively pee tocar This 
on, emitted sporadically in conjunction possible to carry out studies of solar radia- radio telescope employs a dish antenna. 
with periods of strong solar activity, that 
is observable even with the eye. 
It is, therefore, extremely interesting 
to correlate the sun’s radioactivity with 


tion without using complex instrumentation be- 
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its visible activity. Because of this, as. 
1 fy 4 
tronomers constantly monitor the suns 


radio waves with radio telescopes while 
simultaneously obser ing the solar sur. 
face. 


INSTRUMENTS ^ ESSARY FOR 
THE STUDY OF AR 
RADIO EMISSIO 


To receive and ana adio waves from 
the sun, the same ir nents are used a 
for studying more it radio sources, 
Because of the rel: closeness of the 
sun to the Earth, hc r, it is not neces. 
sary to use highly ive instruments, 
The antenna, or e y collector, is the 
largest part of a r telescope. Basi 
cally, there are tw s of radio tele- 
scope antenna—the and the dipole 
array. The dish ant: is constructed of 
sheet metal or wi esh, forming a ` 
large, shallow, pa ic mirror. The 
sheet metal or wire h collects radio 
energy and focuses ı small antenna, 
operating under th 1e principle as 
the parabolic mirror ch collects light 
on the lens of a re ig telescope, A 
dipole array is max of many iden: 
tical, rodlike anter ‘hese antennas 
collect strong energ ms by feeding 
their weak individu als into a single 
— O 
DISTRIBUTION OF RAD MISSION ON THE 
DISK—If the entire sur of the solar disk 
is explored in a search the distribution ol 
radio emission, curves jual intensity can 
be projected. These are spread oul 
over the disk symmetr y if the sun is In 
a relatively inactive stage (Illustration 24) 
The arrow indicates the radius of the visible 


sun while the dot inside a small circle Ind: 
cates the power of resolution of the radia 
telescope’s antenna. On the other hand, if the 
sun is active, the regular pattern appeals 
completely altered (Illustration 2b), Above {he 
centers of activity some regions that produce 
a much more intense emission appear. 
When examined together with a photograph 
of the photosphere, it is evident that these 
centers of activity are near the focal points 
visible disturbance. However, they do not i 
ways coincide. In fact, the bright patches 
the photosphere are always connected Wi 4 
centers of radio emission, as shown in Ms 
tions 2a and 2b. The relationship is not i 
however, as can be seen from the fact t 
the center of radioactivity is almost a 
somewhat away from the center of visible oe 
bulences. Proofs exist of the relationship 5 
tween the two, primarily because they Inte 
emerge at the same time. A careful exam fs 
tion of radio emission data, however, ni 
that the center of emission is nearly ane 
above the visible center, at a height that 
be very great—a considerable fraction oo is 
solar radius, for instance. Because ©' 
radio emission centers always appear bee 
removed from visible centers unless they 
exactly in the center of the solar disk. 
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JF THE SUN AT DIF- 
TrHS—At a wavelength 
in.), the sun’s appear- 
much from that of the 
ar disk appears only a 
irrounded by a border 
nse radiation is emitted. 


intensity 


distance 


struments necessary for analyzing the 
different wavelengths of the sun’s radia- 
tions—ranging from a few millimeters to 
many meters—are highly complex. 
When the radio emission from the sun 
is analyzed, astronomers search for the 


This border is increasingly accentuated at 
wavelengths of 3, 7, 10, and 20 cm (about 
1, 2.75, 4, and 8 in.). At greater wavelengths, 
the sun appears larger, as a single, large emit- 
ting ring with a strongly shaded outline. Fin- 
ally, at wavelengths greater than 2 m (about 
6.5 ft), the sun is seen as a circular patch 


points on the sun’s surface that are the 
sources of the radiation. Special instru- 
ments are necessary for this. When re- 
ceivers with a single antenna and a par- 
abolic reflector are used for observation, 
the possibility of picking out the direc- 


with shaded edges. The patch has a diameter 
equal to about three times the visible diame- 
ter of the sun. Thus, it follows that the solar 
radio emission comes from different levels of 
the corona—the shorter the wavelength, the 
lower the level. 


intensi: 


distance 
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EMISSION WHEN 
THE SUN IS DIS- 
TURBED—Illustra- 
tion 4 shows the 
sun when it is dis- 
turbed, with many 
spots distributed 
typically in two 
bands to the north 
and south of the 
equator. While the 
disturbances that 
are visible opti- 
cally are localized 
on the bright solar 
surface, radio dis- 


turbances origi- 
nate from much 
higher up. 


tion of origin of the radio waves depends 
on the diameter of the parabolic reflector 
and on the wavelength of the radiation, 
More precisely, the power of resolution 
is directly proportional to the diameter 
of the parabolic reflector and inversely 
proportional to the wavelength, For re- 
flectors with a diameter of several meters 
and radio waves of the same order of 
size, the power of resolution is slight. It 
is then difficult to localize the point on 
the solar surface that is the source of 
radiation. In this case, interferometers 
can be used—that is, lines of antennas, 
each of which receives the signal one 
after the other with only an infinitesimal 
delay. By a comparison of these signals 
it is possible to calculate, with great pre- 
cision, the direction from which the radio 
waves come, 


THE MECHANISM OF EMISSION 


Solar radio emission is confined almost 
exclusively to the corona. The gas that 
makes up the corona is largely hydrogen 
and is almost completely ionized by the 
extremely high temperature. This tem- 
perature, which can exceed a million de- 


grees, is caused by the fact that the gas 
in the solar corona can absorb energy 
from the underlying photosphere easily, 
while it can irradiate such energy only 
with difficulty. As a result, there are 
many free electrons present that are dis- 
turbed by strong thermal agitation. These 
electrons collide with the gaseous ions 
present in the same gas. As a result of 
these collisions, the velocity of the elec- 
trons varies sharply. Since an accelerated 
electric charge emits electromagnetic 
radiation, the electrons accelerated by 
the collisions emit an electromagnetic 
radiation whose wavelength depends on 
the mechanical characteristics of each 
individual collision. Therefore, accord- 
ing to the greater or lesser frequency of 
collisions of different types, x-rays, ultra- 
violet rays, visible light, infrared rays, 
and radio waves are produced from the 
solar corona. Since the electron collisions 
are completely random, radio waves of 
all lengths, ranging from a few milli- 
meters to many hundreds of meters, are 
produced in solar emission, 

The same factors that cause emission 
of radio waves in the corona also favor 
the absorption of them. The corona, in 
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HOW DIFFERENT \VE- 
LENGTHS AFFEC IE 
RADIO IMAGE Ol E SUN 


If the sun is observe 
filter, a disk more 
bright, with the edges 
z If the sun Eob rved through # 
red filter, the viewer sees a weaker dark 
ening along the edges. However, if A 
observed through a violet filter, the dat! 
ening is more accentuated. i 

A radio telescope reveals an ml 
phenomenon, but surprisingly the a 
emissions also exist outside the vis! í 
disk of the sun. The solar corona is T 
sponsible for most of the suns ™! 
emission. If an observer, therefore, aa 
see radio waves instead of visible re 
the sun would seem much larger. i 
observer were able to see wavelengths a 
a few meters, the sun would ar 
least three times larger. If he could j 
centimeter wavelengths, the limit 0 A 
sun would appear brighter than the ¢ 
ter of the disk. 
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RADIO EMISSION WHEN THE SUN IS DIS- The illustration shows the most important lasting several minutes instead of less than 
TURBED AND ACTIVE—The sun is continu- disturbances emitted by the sun at various a second. Storms of radio noise of a metrical 
ously emitting a certain quantity of radio wavelengths in a period of time well removed wavelength are shown in Illustration 5d. Dura- 
waves that serve as a background against from a period of activity. Shown in Illustration tion of the peaks may be less than a second, 
which sudden, shorter, and more intense emis- 5a is a fluctuation in intensity of background or many hours, or even whole days. Illustration 
sions take place. 58 Sion, The cycle of this variation is about 5e shows the highlighting of the background 


This background component is quite con- 27 days—that is, equal to the period of the level after similar disturbances. 

Stant. However, it shows a slight variation synodic rotation of the sun. This variation is In general, when the sun is active, it emits 
synchronized with the eleven-year cycle of only appreciable at wavelengths over 1 dm with much greater intensity than normal for 
emission activity. Among the occasional emis- (decimeter) (about 4 in.). Illustration 5b shows long periods, even days. Although these phe- 
sions that are superimposed on it, some are peaks of intense radio emission—that is, iso- nomena of emission are secondary, reflecting 


more intense for certain wavelengths—for ex- lated, intense increases, but of brief duration the general activity of the sun, their study 
nd)—centered around metri- reveals much about the behavior and origin 


ample, for wavelengths of a few centimeters— (less than a seco! 
Illustration 5c shows dis- of the solar atmosphere and corona. 127 


while others produce wavelengths of several cal wavelengths. i 
moters- turbances similar to the preceding ones but 
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THE SUN'S MAGNETIC FIELD | tuee 


Deep in the interior of the sun, where 
temperatures approach 40 million® F and 
pressures near 1.3 billion atmospheres 
occur, physical processes unknown on 
Earth take place. The effects of these 
processes are observable only when they 
interact with the material of the solar 
surface, One of the most fascinating of 
these processess—and one least under- 
stood—is the generation and evolution of 
solar magnetic fields. These fields can be 
studied when they break through the 
surface of the sun. The cycle of the sun- 


THE SUN'S MAGNETIC FIELDS—Long before 
it was possible to measure magnetic fields far 
from the sunspots, Photographs like this were 


spots is associated with the evolution of 
solar magnetic fields and the sun’s mag- 
netic cycle. 

Sunspots—appearing as dark spots in 
the solar surface—grow and fade in 
strength every eleven years. This pattern 
is but a phase of a twenty-two-year cycle 
in which the sun’s magnetic field re- 
verses itself, with the north and south 
magnetic poles shifting positions. The 
sunspots, 500 to 50,000 miles in diameter, 
generally travel in pairs, one in front and 
one behind, and most have a life-span of 
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THE LINES SEEN IN HALE’S GRATING—The 
Spectral lines en enlarged by the mag- 
netic field, app in this way, as observed 


in a high-dispersion spectrograph in which 


the slit is covered by Hale's grating. The lines 
sensitive to the magnetic field appear strongly 


serrated. 


So OOE 


field of sufficient intensity, these lines 
split. Where one line was previously ob- 
served, the researcher can see two, three, 
or even more. The distance between the 
lines depends on the intensity of the 
Magnetic field that produces them. 

This phenomenon of spectral lines 
splitting due to the presence of a mag- 
netic field is known as the Zeeman effect. 
This effect, named after the Dutch 
Physicist Pieter Zeeman, who discovered 
and interpreted it, has provided scientists 
With a basic yardstick for detecting and 


measuring the magnetic phenomena of 
the sun. 


TIE ZEEMAN EFFECT AND 
E STUDY OF THE SUNSPOTS 


e theory of the Zeeman effect is an 
pe arent chapter in physics. When a 
Pectral line, suitably selected from the 


spectrum of an element, is emitted by 
atoms immersed in a magnetic field it can 
be observed that, if the magnetic field is 
pointed toward the observer, the line ap- 
pears split into two components with 
opposite circular polarizations. The di- 
rection of polarization is inverted if the 
orientation of the magnetic field is in- 
verted. When the spectrum of a sunspot 
situated near the center of the solar disk 
is observed, the splitting of some lines 
into two components can be detected, 
indicating that the magnetic field in the 
center of the spot is directed vertically 
upward. On the other hand, if the mag- 
netic field is perpendicular to the direc- 
tion in which it is observed, the spectral 
line is divided into three components, of 
which the center component is polarized 
linearly in a direction parallel to the field, 
and the two outer components are at a 
right angle to the central one. When the 


MAGNETOHYDRODYNAMICS AND SUNSPOTS 
—One hypothesis that could explain various 
characteristics of sunspots is that the solar 
material of a sunspot is the site of a vortex. 
Magnetohydrodynamics, the science dealing 
with the movement of conductor fluids subject 
to magnetic fields, would then explain not 
only the presence of magnetic fields but also 
the opposite polarity presented by the spots 
at opposite extremes of a single vortex. 


MAGNETIC MAP OF A SUNSPOT—The lines 
of force of a magnetic field on a map are not 
always perpendicular to the surface of the 
solar photosphere. They have different inclina- 
tions, more vertical at the center and more 
inclined at the edges. The measurement of 
this inclination can be obtained by measuring 
the polarization of the components of the 
lines subjected to the Zeeman effect. 


SS 


spectrum of the edges of a sunspot near 
the center of the solar disk is observed, 
the lines relating to the Zeeman effect are 
divided into three components polarized 
in this way. 


THE FIELD OF THE SPOTS 


Utilizing the Zeeman theory, the re- 
searcher can draw a conclusion about 
how the lines of magnetic force are 
distributed in a sunspot close to the 
center of the solar disk. The lines leave 
the surface of the sun perpendicularly 
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from the zone at the center of the spot, 
while at the edges of the spot they open 
out fanwise. 

A spot that moves by solar rotation to 
the sun’s limb produces another effect. In 
this case, the researcher can deduce from 
observation that the center of a spot near 
the limb of the sun will present lines di- 
vided into three components polarized 
as in the previous case, while the spec- 


trum of the edges of the spot shows lines 
split into two components and polarized 
circularly. That is, the spots near the 
sun’s limb behave in a way that is com- 
pletely opposite to those found at the 
center of the disk, exactly as expected 
from the field directions 

The intensity of the magnetic fields of 
the spots is always quite outstanding— 
in the range of thousands of gauss (a 


THE POLARITY OF SUNSPOTS—If the direc- 
tion of the circular polarization of the Zeeman 
components of a split line is examined, it can 
be determined whether the spot presents the 
north or south magnetic pole with respect to 
an observer on Earth. By means of this sys- 
tem of measurement, it has been discovered 
that sunspots of both polarities appear on the 
sun. A systematic study of the polarities of 
the spots has resulted in a simple classifica- 
tion. All sunspots are the sites of more or 
less intense magnetic fields. Therefore, differ- 
ent types of sunspots can be distinguished 
with special instruments. 


Unipolar spots (Illustration 5a) appear iso- 
lated or in small groups, and all have the same 
magnetic polarity. Bipolar spots appear as 
pairs having opposite polarities. In the case 
of paired sunspots closely surrounded by 
smaller spots, a line of separation divides 
those of northern polarity from those of 
southern polarity. Multipolar spots are groups 
of large and small sunspots with magnetic 
fields of different polarities. They could be 
defined as spots with irregular magnetic 
fields. Illustration 5b shows a multipolar group 
of spots in white light, while Illustration 5c 
shows them in hydrogen light 
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rotates. A systematic study, covering 

many decades, of the polarity of sun- 

spots has established that the bipolar 

spots have the following characteristics: 
1. Sunspots that lead in a given hemi- 
sphere always have the same polar- 
ity for an entire eleven-year cycle; 
that is, in all the pairs of spots that 
appear in a solar hemisphere, the 
first spot always has the same polar- 
ity and the second spot is of the op- 
posite polarity. 

. At the same time, in the pairs ap- 
pearing in one hemisphere, the first 
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directly a solar magnetic field once its pres- 
ence is revealed. The device consists, as 
shown in Illustration 7b, of a series of thin 
plates of mica, each about 1 millimeter wide, 
which produce a phase delay of one-fourth of 
a wavelength. These plates a and a’ transform 
circularly polarized light into linearly polarized 
light. They are placed in front of the slit of a 
solar spectrograph, so that the principal sec- 
tions are perpendicular among themselves and 
inclined at 45° to the slit. A polarized-light 
analyzer—a Nicol prism or a birefractive filter 
b—is placed between the plates and the 
slit. 

If a spectral line has been widened by the 
Zeeman effect, one of its borders will consist 
of circularly polarized light. All the mica plates 
in even positions will transform this light into 
linearly polarized light that passes through the 
analyzer; the odd plates, meanwhile, block the 
passage of light through the analyzer. The 
light from the opposite border is treated anal- 
ogously but in the opposite way. The borders 
of a line widened by the Zeeman effect will 
then appear serrated, and the depth of the 
serration will be closely related to the intensity 
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spot has a polarity opposite to a 
corresponding spot of the other 
hemisphere. 

3. When an eleven-year cycle is ended 
and a new one begins, the polarity 
of a sunspot pair is inverted. If, for 
example, in one cycle in a hemi- 
sphere the first spot is south-polar- 
ized, it will be north-polarized in 
the new cycle, and vice versa. 

4. At the end of a cycle the last pairs 
of sunspots to appear are visible 
near the equator. These pairs obey 
the rule of the polarity of the cycle. 


of the magnetic field (see Illustration 2). 

The instrument permits interpretation of 
many details of the constitution of sunspots. 
It is possible, for example, to study the mag- 
netic field present in the lower portions of 
the inverting layer close to the photosphere, 
evaluating the Zeeman effect in the spectral 
line of such layers. It is also possible to study 
the Zeeman widening in a line produced in a 
higher layer of the photosphere. For example, 
it has been noticed that above the sunspots 
the magnetic field rapidly decreases in in- 
tensity; in fact, the Zeeman effect cannot be 
observed in the D line of sodium, produced 
in a high level of the photosphere; however, 
the Zeeman effect is rich in lines produced 
in the lower levels. With these methods it is 
possible to construct accurate maps of the 
most intense parts of the solar magnetic field. 

From such studies of the solar magnetic 
field and of its variation scientists are gaining 
increasing knowledge of the physical condi- 
tions under which solar flares, prominences, 
and corpuscular emissions generally take 
place. 


= 


131 


132 


THE MAGNETOGRAPH—To locate the general 
solar magnetic field—and to map the zones 
in which disturbances in the Photosphere give 
rise to local magnetic fields—special instru- 
ments, magnetographs, are used. These instru- 
ments measure very weak fields. 


It can happen that at the end of a 
cycle some pairs will appear at a 
high latitude, but these already be- 
long to the new cycle and respect 
its rule; therefore, they have polari- 
ties that are reversed with respect to 
the pairs at low latitudes. 

It is clear, from this rule, that two en- 
tire eleven-year cycles must pass before 
the spots again have the same polarity. 
Therefore, it can be stated that a com- 
plete cycle of solar activity takes place 


It is obvious that measuring the intensity 
of the magnetic field of a sunspot requires 
considerable time, because it requires a 
lengthy photographic exposure of one point 
of the solar surface. The solar Mmagnetograph, 
however, explores successively the entire 


not over eleven and a half years but over 
twenty-three years. 


THE SUN’S GENERAL 
MAGNETIC FIELD 


It is not easy to measure solar magnetic 
fields of hundreds of gauss. These fields, 
observed in the spots from time to time, 
last a little longer than the spots them- 
selves and then vanish. This raises the 
question: does the sun have a permanent 
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general magnetic field? Es 

If a permanent magnetic field K 
present, it would be manifested a$ 
widening of the spectral lines from any 
point on the photosphere and not m 
from the sunspots. Because the Be 
of the photosphere is often observed W 
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the, a brilliant Danish 
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msidered celestial ob- 


—Hundreds of millions 
ound the sun at a dis- 
sr than the distances of 
om the sun—about one 
often, one of these masses 


100 billion objects at the 
edge of the solar system 


jects. Until that time two schools of 
thought existed concerning the nature of 
comets: one regarded them as true ce- 
lestial objects, the other as vaporous ex- 
halations within the Earth’s atmosphere. 

The confusion over the nature of 


falls toward the sun b. Having entered the 
solar system c, the comet’s trajectory can be 
transformed into an ellipse that makes it pass 
close to the sun. Then some of its mass is 
vaporized and the characteristic comet tail 


solar system 


considering 
and their 


comets is understandable 
their irregular appearan 
rapid and often unpredicted movements, 
combined with the exotic appearance of 
their tails, In ancient times, men believed 
that the movement of celestial bodies 


develops. In its journey away from the sun, the 
comet gradually loses speed and finally dis- 
appears. The final orbit of the comet depends 
on its gravitational interaction with the larger 
planets. 
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influenced earthly affairs, and comets 
were regarded with both trepidation and 
fascination. Later, comets were associ- 
ated with plagues, famines, and wars. 
These ideas had the useful scientific re- 
sult of causing the movements of comets 
to be noted with great care. The Chi- 
nese, in particular, carefully chronicled 
their movements, and long before Brahe’s 
observations, they recognized that comets 
were celestial objects. 

A comet may be defined as a celestial 
object revolving around the sun. Its name 
comes from the Greek word for “hair,” 
suggesting a resemblance between the 
tail of a comet and long hair streaming 
in the wind. The term used in China and 
Japan, translated “besom (broom) star,” 
suggests either a comparison between a 
comet's tail and the bundle of twigs in 
a primitive broom, or the sweeping mo- 
tion of a broom over a floor and the 
motion of a comet’s tail across the sky. 

Most comets consist of three parts: a 
nucleus, a diffuse envelope or coma and, 
when the comet is close to the sun, a tail. 
The bright central nucleus may be nearly 
as large as the Earth; the head, or coma 
surrounding the nucleus, may be from 
48,000 to 160,000 km (about 30,000 to 
100,000 mi) in diameter. The tail, which 
looks like a bright streak behind the 
comet, may be 160,000,000 km (about 
100,000,000 mi) long—longer than the 
distance between the Earth and the sun. 
Some comets do not have tails, and ap- 
pear as hazy, round spots of light. 


DISCOVERY OF COMETS 


Before the age of photography, comets 
could only be identified by simple visual 
observation. This limitation precluded 
the discovery of comets far distant from 
the sun. Another problem in identifying 
comets was (and is) their resemblance 
to other celestial objects, particularly 
nebulas. In the last few decades most 
new comets have been discovered as by- 
products of other astronomical research 
on photographs taken with wide-field 
telescopes. 

Some comets are discovered as the re- 
sult of systematic searches by amateur 
and professional astronomers, but many 
hours of searching are required for one 
comet discovery. Through visual obser- 
vations with powerful binoculars, Czech- 
oslovakian observers recently discovered 


17 comets. An average of 206 observation 
hours was required for the discovery of 
each comet. 

Returns of periodic comets can be pre- 
dicted, however, and generally only a 
very limited area in the sky need be ex- 
amined to ensure re-identification of the 
comet when it becomes sufficiently bright. 
Such comets are normally recovered 
when they are still very faint and at long 
distances from the sun. The brightest of 
new comets frequently are seen first close 
to the sun by casual observers of a sun- 
rise or sunset. Astronomers often neglect 
that part of the sky. Suspected discovery 
of a comet should be reported promptly 
to the nearest observatory for confirma- 
tion and in order to communicate details 
to other astronomers. 


ORBITS OF COMETS 


The seventeenth-century German astron- 
omer Johannes Helvelius was the first to 
suggest that comets move in parabolic 
paths around the sun. This theory was 
confirmed a few years later when Isaac 
Newton formulated the mathematical 
laws of universal gravitation. Newton 
proved that under a force that varied in 
proportion to the inverse square of the 
distance, a body would move in one of 
the family of curves known as conic sec- 
tions: the circle, ellipse, parabola, or 
hyperbola. The observed movements of 
comets were explained by the theory that 
they were traveling around the sun in 
elongated ellipses or parabolas and were 
visible only when they described the 
small portion of their orbits in the neigh- 
borhood of the sun. 

Newton and Edmund Halley, an En- 
glish astronomer, collected observational 
data on comets, beginning with the comet 
of the year 1337, and calculated their 
orbits. Halley noticed that the orbits of 
three of the comets—those of 1531, 1607, 
and 1682—were nearly identical. The in- 
terval between appearances of the comets 
was not the same—the first being longer 
by 15 months—but Halley explained this 
difference as a result of the disturbing 
action of Jupiter and Saturn, Examina- 
tion of records revealed that another 
comet with a similar orbit had appeared 
in 1456. Halley deduced that all four ap- 
pearances belonged to a single object 
whose return could be expected about 
1758. The comet did in fact return in 


CUNNINGHAM’ S 
COMET, DECEM- 
BER 21, 1940— 
This small comet 
has an undevel- 
oped tail and an 
almost spherical 
body. The lines 
in the back- 
ground are stars, 
which appear as 
streaks because 
the camera fol- 
lowed the move- 
ment of the 
comet. 


THE AREND-ROLAND COMET—On April 26, 
27, 29, 30 and May 1, 1957, this comet had 
two tails pointing in opposite directions. The 
second, very small tail branches off from the 
nucleus of the comet. 


pril 26, 1957 


April 27, 1957 


April 30, 1957 May 1, 1957 
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ORBITS OF THE COMETS—Orbits of the short 
period comets are flattened ellipses a; other 
comets travel on parabolic b or hyperbolic c 
orbits. These orbits are followed by comets that 


1759, and again in 1835 and 1910, estab- 
lishing for the first time the fact of a 
comet's return, This comet is now known 
as Halley's comet; 
is expected in 1986. 

By 1960 the orbits of 829 comets had 
been catalogued. Some comets make 
regular v 


its next appearance 


s to the solar system, appear- 
50 years or less, and are called 
short-period comets; others take more 
than 50 years to reappear and they are 
known as long-period comets, 


ing eve: 


The short-period comets form a very 
homogeneous group, all revolving around 
the sun in the same direction as the 
major planets, in orbits of low inclina- 
tion to the plane of the Earth’s orbit, 
The aphelia (outermost points) of their 
orbits all lie close to the orbit of Jupiter. 
All evidence indicates that these comets 
were captured by Jupiter from more 


enter the planetary system for the first time. 
The gravitational attraction of large planets can 
change the open form (parabolic or hyperbolic) 
into a closed form (elliptical). This orbital 


elongated orbits, and they are considered 
to be part of “Jupiter's family” of comets. 

The total number of comets is esti- 
mated to be about 100 billion. Moving 
at distances two hundred thousand times 
greater than the distance between the 
sun and the Earth, these comets are 
truly in interstellar space; the only strong 
attraction they experience is that of the 
sun, At this distance their period of rev- 
olution is millions of The attrac- 
tion of a star occasionally changes the 
force of a comet's orbit, causing it to 
approach the sun. As the comet nears 
the sun, it develops a brilliant tail, Gain- 
ing in speed, the comet moves toward the 
sun head-first. Then, as the comet moves 
away from the sun, it moves tail-first, 
with the head following; this occurs be- 
cause the pressure of light and particles 
from the sun drives off the very small 


transformation gives the comet a more sla 
presence at the time it describes the a 
Portion of its orbit in the neighborhoot 

the sun. 


ticles from the comet's head to fomm 
its tail, always in a direction away from 
the sun. During its journey away from 
the sun, the comet gradually loses speed 
and then disappears from sight. 


BIELA’S COM 


Some comets appear periodi vally H 
then disappear, apparently forever. oa 
of these rare lost comets was identi 
in 1826 by the German astronomer Wik 
helm von Biela. The comet returned of 
several occasions, and was observed “a 
time by a number of astronomers. - 
1846 it split in two, producing @ i, y 
comets, Eventually both parts of Bie i 
comet broke into bits too small $ a 
seen. These pieces are thought to H : 
the shower of meteors that appears in 
sky in late November. 


COM ESSI | the role of solar “wind” in the formation of the tail 


Comets, cons yy ancient peoples 
as omens of r, are among the 
most spectact onomical phenom- 
ena. Usually « | with other natural 
minor bodies < lar system (natural 
satellites, aster nd meteors ), comets 
make up in 1 r for their lack of 
mass. They ar ating not only from 
the standpoint ir motion and num- 
ber but also se of their unusual 
chemical con n and other special 
characteristic 
THE APPEA E OF COMETS 
Generally, a is made up of three 
parts; a nuc hich is the bright, 
central part na (which in Latin 
means “tress 1azy, luminous cloud 
surrounding leus; and the tail, a 
long trail of ely diffused matter. 
This appea issumed for a short 
period, as a passes near the sun. 
The influenc sun on the formation 
of the tail ly visible: the closer 
the comet ay hes the sun, the more 
its tail grow vys in a direction away 
from the su 

During p nturies, this character- 
istic of com tails perplexed astrono- 
mers, who | not explain how the 
sun could emit anything capable of push- 
ing away the matter of which a cometary 


tail appears to be composed. Today, how- 
ever, astronomers know that the sun's 
normal radiation—sometimes called the 
solar “wind”—is powerful enough to repel 
the extremely diffused matter of a 
comet’s tail. Studies of the sun have 
shown that the pressure of solar radiation 
is intense enough to propel into space the 
Matter that makes up certain of the sun’s 
Prominences. Inside the sun, moreover, 
the radiation is so intense that its pres- 
sure can support a considerable portion 
of the weight of the layers of gas that 
surround the sun’s nucleus. The pressure 
of solar radiation on nearby planets is 
almost negligible. However, the density 
of cometary matter is so low that it is 
Pushed away from the comet's nucleus 
by solar radiation, thus forming the tail tHE NUCLEUS OF 
of the comet. This matter is lost to the photograph clearly $ 


away from the nucleus by solar radiation. This 


HALLEY’S COMET—This 
matter forms the comet's tail 


hows matter being pushed 
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comet for good. After several passages 
near the sun, the comet is completely 
dispersed. 

When comets are far from the sun, 
they appear as luminous disks with 
shadowy outlines and no visible tails. At 
such times, only the head (the coma and 
nucleus), in which all the comet’s matter 
is concentrated, is visible. 

Compared with its colossal size, the 
comet's mass is so slight that it has never 
been measured. The most that can be 
done is to determine the upper limit of 
the mass. 

When a comet passes close to the 
Earth or any other planet, the attraction 
of the planet modifies the comet's orbit, 
If the comet had an appreciable mass, it 
would provoke perturbations that would 
modify the orbit of whatever celestial 
body it approached closely. Observa- 
tional analysis of the comets that have 
passed close to the Earth indicates that, 
in general, their mass is far inferior to 
the Earth’s, Despite their great sizes, 
their masses are generally equal to those 
of the smaller asteroids. A mass a million 
times smaller than that of a small asteroid 
would amount to something like six bil- 
lion tons, 


CHEMICAL COMPOSITION 
OF COMETS 


Spectroscopic analysis of comets is diffi- 
cult because of their vast dimensions and 
the faint light they emit. Despite this, 
important data have been obtained on 
their chemical composition. 

The nucleus of a comet shows essen- 
tially a reflected solar spectrum. The 
coma and tail show emission spectra, as 
the gas of which they are composed is 
excited by solar radiation. In these 
spectra appear lines and bands of mole- 
cules and radicals (characteristic of the 
lighter elements), as well as of ionized 
molecules and isolated atoms. These 
molecules include (CN), Ca, Cs, NH, 
HN», CH, and Na. Among the isolated 
atoms are Na, O (ionized), Fe, and N. 

The composition of the nucleus differs 
from that of the tail. However, the im- 


portant point is that the most plentiful 
substances (those most frequently ob- 
served spectroscopically) are cyanogen 
(CN), diatomic carbon (C+), and carbon 
monoxide (CO+). The discovery during 
the nineteenth century of the presence of 
cyanogen in comets gave rise to fears 
that a comet passing near the Earth 
might poison the atmosphere. However, 
the amount of cyanogen in a comet 
would not be enough to poison the entire 
mass of the Earth’s atmosphere. In addi- 
tion, the cyanogen molecules would be 
destroyed on contact with the air. 

The nucleus of a comet can be pictured 
as a mass of meteoric material and frozen 
gases that evaporate under the sun’s heat, 
giving birth to particles that become 
volatile. These particles, pouring out into 
space, are the origin of the coma and the 
tail. 


THE FALL OF A COMET 


On June 30, 1908, an object fell along 
the course of the Stony Tunguska River 
in central Siberia. This object at first 
was believed to be a gigantic meteorite 
or an asteroid. The fall was accompanied 
by dramatic visual and acoustical phe- 
nomena, which were perceived up to 
1,500 km (about 900 mi) away and were 
registered on instruments all over the 
world. 

The few spectators in this remote, 
sparsely settled region saw a shining ball 
of fire flash across the sky from southeast 
to northeast, leaving behind a trail of 
smoke. Flames and smoke reaching a 
height of about 20 km (about 12 mi) 
were seen to rise from the point where 
the object fell. The light of the fireball 
was seen up to 600 km (about 373 mi) 
away. When the phenomena were no 
longer visible, loud explosions were reg- 
istered as far away as 1,000 km (about 
620 mi). On a farm near Vanavara, 60 
km (about 37 mi) from the point of the 
fall, a man was thrown to the ground 
and lost consciousness, 

After the sound wave had become too 
faint to be heard, it was picked up by 
the microbarograph stations surrounding 


| 
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ORIGIN AND DEATH OF COMETARY TAILS— 


The pressure of solar radiation is strong 


enough to push away from a comet’s nucleus 
the matter forming the tail. When the comet 
is near the sun, therefore, the tail is long; 
when the comet is far away from the sun, the 
tail is short. Once the matter is torn from the 
comet’s nucleus, it is pushed ever farther 
away by solar pressure and becomes ever 


more rarefied until it is dispersed in space. 
For this reason, it is not possible to detect 
the exact end of a comet's tail as it fades 
away into nothingness. 

Illustration 2a shows the gradual lengthen- 
ing of the tail of Halley's comet as It reaches 
its closest point to the sun, and then the tail’s 
disappearance as it gradually moves away 
from the sun (Illustration 2b). 
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Siberia. Some of the stations received 
both the direct wave and that which had 
gone around the Earth. Siberian seismo- 
graphic stations recorded a considerable 
earth tremor. 

The night after the fall of the strange 
object from space, the sky appeared e 
ceptionally luminous. The light was 
bright enough to read by. During the 
following nights the luminosity gradually 
faded until it disappeared at the end of 
August. 

When the first s 


reache S G i 
ached the spot nineteen years later, it 


a few hours may be necessary to bring out 
the finer details of the tail. Because the 
camera follows the motion of the comet, the 
stars appear as streaks. The colors in this 
photograph are not real but are due to the 


was discovered that the force of the ex- 
plosion had uprooted the trees over a 
radius of 30 to 40 km (about 18 to 25 
mi). Many trees still lay in positions 
indicating the center of the phenomenon. 
Neither a crater nor positively identified 
meteorite fragments were found near the 
A large part of the forest was 
bumed, indicating that the phenomenon 
was accompanied by an intense emission 


center. 


heat. 
The lack of a meteor crater of a size 
al to the extent of the phe- 


proport: 
of meteorite frag- 


nomenon, the la 


fact that, in zones having different luminosity, 
true colors cannot be correctly reproduced 
when the exposure time is too long or too 
short. 


ments, the optical phenomena fo 

the fall and the enormous energy given 
off led researchers to declare that the 
fiery object might have been a comet. 
The mass of a cometary nucleus in colli- 
sion with the Earth would have caused 
the optical and acoustical phenomena, as 
well as the impact that caused the earth 
tremor and the pressure waves The 
comet’s tail, on the other hand, would 
have produced the unusual luminescence 
and the temporary turbidity of the 
Earths atmosphere in the ensuing 
months. 
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SLENDER STREAK—The fall of meteors 
through the Earth's atmosphere can be studied 
In four ways: (1) by visual means in which a 
group of observers watch an area of the sky 
and, on seeing a meteor, try to determine the 
beginning and end points of the visible tra- 
Jectory; (2) by using radar to detect the pres- 
nce of ionized gas produced by the passage 
of a meteor; (3) by using cameras that register 
both the trajectory and velocity of a meteor 
and (4) through photographs, made for other 
observational purposes, that reveal the pres- 
ence of meteors. 


OBSERVATION OF METEOR TRAILS—Two 
observers several kilometers apart see the 
same meteor at the seme time from different 
angles and against the background of differ- 
ent constellations. If each observer notes the 
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PHOTOGRAPHIC OBSERVATION 
TEORS—Two cam 
graph the same a 
The shutters of thi 


OF ME- 
veras kilometers apart photo 
rea of the sky (Illustration 3) 
ese cameras open and close 


stars jle near the beginning 
and points of the trail of the 
meteor and if the distance between the ob 
servers is known, It is possible to re-create the 


path of the meteor (Illustration 2) 
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recording the trall of a 
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a dotted line 


nce every 


meteor means it | 
possible to measure the vel a meteor 


at various points 


RADAR ECHO OF A METEOR—Radar equip- 
ment will detect the passage of a meteor 
through the atmosphere and, when used with 
other electronic equipment, produce an echo 
such as that shown here. 
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TELECOMMUNICATION BY MEANS OF ME- 
TEORS—lonized air produced in the upper 
atmosphere by the passage of a meteor re- 
flects a beam of microwaves back to a distant 
receiving station on the Earth, thereby tem- 
porarily overcoming the limitations of micro- 
waves, which travel in a straight line. 
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OBSERVING METEORS 


The point at which a meteor becomes 
visible from the Earth is that point 
where the meteor begins to heat up in 
the atmosphere. The point at which the 
meteor disappears is that point where its 
destruction by the heat of friction is 
complete. By reconstructing the exact 
position of the beginning and end points 
of the visible path of a meteor, it is pos- 
sible for two observers at two different 
locations to establish the trajectory of the 
meteor and to calculate that area in the 
solar system from which it came. Calcula- 
tions are expedited if the stars that ap- 
pear near the beginning and end of the 
meteor’s visible path can be identified. 
Pairs of stations have been established 
for the observation of meteors. The two 
stations of each pair are 50 to 100 km 
(about 30 to 60 mi) apart and are 
equipped with cameras aimed at the 
same area of the sky. The cameras photo- 
graph the same meteor in rapid succes- 
sion and record on each photograph the 
moment of exposure, enabling precise 
location of the beginning and end points 
of the visible path. 

Because of the rotational movement of 
the Earth, far fewer meteor trails are 
seen in the period from sunset until mid- 
night than in the hours between mid- 
night and sunrise. In this latter period an 
observer sees overhead that part of the 
sky in whose direction the Earth is mov- 
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Most meteorites have masses of less 
than 0,0001 g (about 0.000003 oz). They 
account for almost the entire total mass 
of meteorites that reach the Earth on one 
day, about 1,000 tons. As all meteorites 
show peculiarities not observed in any 
terrestrial mineral, experts and even lay- 
men usually can identify them easily. 


M aT EOR TRAILS AND THEIR 
ELECTRICAL CHARACTERISTICS 


Trails of the smaller meteors are barely 
visible to the unaided eye. The light of 
the trail depends not only on the mass 
of the meteor but on its velocity, com- 
position, and form. The most frequent 
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meteors, those with a mass of less than 
0.0001 g, produce trails whose luminosity 
is equal to that of a star of the 11th mag- 
nitude when the meteors are at an alti- 
tude of 200 km (about 125 mi) and ob- 
served from directly below. These trails 
cannot be seen by the unaided eye. Those 
meteors with a mass of about 0.01 g 
(about 0.0003 oz) have the brightness of 
stars of the 5th magnitude; those with a 
mass of 10 to 100 kg (about 22 to 220 Ibs), 
the brightness of the moon. Extremely 
large meteors have produced light as 
bright as that of the sun, illuminating 
their point of fall as if it were day. 

The light of a meteor comes from the 


incandescent vapor into which it is trans- 


THE RADIANT—When meteors travel in par- 
allei paths toward the Earth, they seem to 
radiate from a point in the sky known as the 
radiant, indicated by a cross (Illustration 6a). 
In the inset (lower right), 
point) sees the trails of meteors moving di- 
rectly toward him or to one side of him. In 
Illustration 6b, the radiant indicates the tan- 
gent to the orbit of the meteor swarm that 
enters the Earth's atmosphere. If the swarm 
is dense, the radiant may be fairly obvious; 
otherwise, it may be reconstructed by observ- 
ing many successive meteor trails. 


an observer (red 


formed and from the molecules of air 
excited by passage of the meteor. In the 
case of a large meteor, the atmosphere 
surrounding its trail may remain lumi- 
nous for hours after the vapor formed by 
the transformation of its mass has cooled. 
Passage of the meteor excites the rare- 
fied air, which, after a delay, begins giv- 
ing, off light. The meteor also ionizes the 
air, striking the molecules and atoms so 
violently that they lose electrons. Air is 
normally an insulator, but ionized air 
becomes a conductor of electricity. Be- 
cause radio waves are flected by that 
part of the atmosphere ionized by a 
meteor, its trail can be detected by radar. 
Radar is used to detect the presence of 
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DEATH IN THE ATMOSPHERE—The atmo- 
sphere acts as a shield that protects the sur- 
face of the Earth from constant meteorite 
bombardment. The collision of meteors with 
atoms of atmospheric gas occurs at a velocity 
of tens of km per second. At this velocity 
atoms are torn from the meteor in the form 


of luminous ionized gas, which causes the 
characteristic trail seen in the night sky. De- 
struction of a meteor takes place in an unpre- 
dictable manner that depends on its degree 
of rotation and the number of fragments 
broken off; thus, the brightness of a meteor 
path is irregular. 


meteors too small to be photographed or 
seen by the unaided eye, to determine 
where ionization occurred, and to carry 
out daylight observations that would be 
impossible by optical means. Radar en- 
ables an observer to take advantage of 
the fact that ionization of the atmosphere 
lasts much longer than the luminous 
trail, which might be visible for only a 
few seconds or a fraction of a second. 
Ionization may remain for some minutes. 


METEORS PUT TO 
PRACTICAL USE 


Telecommunications engineers have at- 
tempted to put ionization of the atmo- 
sphere to use in long-distance communi- 
cations. Normally, communication by 
microwave between two stations a great 
distance apart is impossible because a 
beam of microwaves travels in a straight 
line and is not reflected appreciably by 
the atmosphere. Microwaves transmitted 
from these stations to a point in the sky 


halfway between them are normally lost 
in space. However, if a beam intersects 
a meteor trail, the microwaves are re- 
flected back to Earth and can be picked 
up by the receiving station. Such trans- 
missions are interrupted when ionization 
ends, usually after a few minutes, but 
begin again when another meteor passes. 
This means of transmission is at times 
possible but not practical, due to the 
sporadic and somewhat unpredictable 
nature of meteors. 
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METEOR SHOWERS 


name of velocity, 

shower mean date km/sec comet no. per hr 
Draconid 28 June Pons Winnecke | 50 (1916) 
Arietid 6 June 38 60 
Perseid 11 August 60 1862 III 50 
Giacobinid | 9 October 23 Giacobini Zinner | 20,000 (1933) 
Bielid 14 November 16 Biela 1826 10,000 (1885) 
Leonid 16 November 1866 I 10,000 (1883) 
Geminid 13 December 35 50 
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FORTE TARE 


its wide-ranging orbit 
n, is constantly bom- 
bris from the solar sys- 
this bombardment—the 
igments of celestial dust 
disintegration of comets, 
eteoroids far out in space 
d, even though it adds 
tons of matter to the 
innually. However, other 
mbardment—particularly 
plunge” of meteors into 
osphere—are spectacular 


entage of meteors are 
n size from a pebble to 

meteors end their lives 
vreated by their friction 
atmosphere. Larger me- 


teors, however, are not completely con- 
sumed by vaporization during their 
earthward flight. The remnants of me- 
teors that partially survive the intense 
heat of atmospheric friction are called 
meteorites. 

The blazing journey through the atmo- 
sphere not only erodes a meteorite but 
also slows its velocity considerably. After 
entering the atmosphere at the high ve- 
locity of a body traveling freely in space, 
the meteorite is slowed down to only 
a few miles per second by the time it 
reaches the Earth’s surface. 

A few giant meteorites, weighing thou- 
sands of tons, strike the Earth with their 
velocity little checked. Hitting the 
Earth’s surface at such a high velocity 
results in a release of kinetic energy suf- 


from their origin to their 
encounter with the Earth 


ficient to melt and even volatilize the 
meteorite; this rapid release of energy 
causes a violent explosion. Thus, the 
entry of a giant meteor into the Earth’s 
atmosphere produces turbulent shock 
waves having destructive effects over a 
wide range, and the explosive power of 
its contact with the Earth gouges enor- 
mous craters, Fortunately, the collision 
of giant meteorites with Earth is rare, 
occurring only about once every 10,000 
years. 


METEORITE DUST 


When a meteorite is disintegrated by the 
heat of atmospheric friction, the gas into 
which it is vaporized condenses quickly. 
If the meteorite is composed principally 


A RECENT ENCOUNTER—On February 12, 
4947, a shower of meteorites fell at Sikhote- 
Alin in eastern Siberia. The meteorite fall pro- 
duced 106 small craters, the largest of which 
was 28 m (about 91 ft) in diameter. The im- 
pact area is spread across approximately 0.7 
km? (about 0.27 mi?). A fragment of one of 
these meteorites is shown. 


THE WIDMANSTATTEN PATTERN—The struc- 
ture of iron meteorites is revealed by etching 
a polished cross section of the meteorite with 
dilute acid. The surface of a cut and polished 
meteorite appears quite uniform. When the 
surface is treated with dilute acid, the nickel 
that has formed isolated crystals remains 
shiny while the iron darkens. The etched out- 
lines of nickel crystals, as shown here, form 
what is known as the Widmanstatten Pattern. 
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of iron and nickel, the gas condenses into 
a dust containing minute particles of 
iron, nickel, and oxides, and these parti- 
cles fall to the Earth’s surface. The ve- 
locity of fall depends on the size of the 
particles and on the density of the air 
through which they descend. The fall is 
rapid in the more rarefied upper layers 
of the atmosphere, and then is slowed to 
a gradual downward drift by the increas- 
ing density of the air. Finally, in the 
troposphere, currents of rising air fre- 
quently cause the particles to rise again 
for a period of time before finally settling 
to Earth, 

Upon reaching the ground the parti- 
cles generally are quickly dispersed by 
the erosive action of water and air. On 
mountaintops, however, the spring snows 
are often covered by a light layer of me- 
teor dust almost invisible to the eye. At 
heights where the density of the air pre- 
vents the dust of the plains from rising, a 
magnetic dust, composed of the conden- 
sation of vapors of the same metals that 
make up meteorites, clearly shows an ex- 
traterrestrial origin. Moreover, the same 
dust, with the same composition and the 
same appearance, can be gathered in 
small quantities by powerful magnets at 
any point on the Earth’s surface. 

It has been theorized that the ooze of 
the ocean depths, which is located too far 
from coastal regions to be alluvial river 
deposits, may have been formed in part 


METEORITE SWARMS — Large meteorites 
often reach the Earth in swarms, or showers. 
Shown here are three examples. From the 
distribution of the elements collected, their 


point of departure was determined. 


by the disintegration and sedimentation 
of this extraterrestrial dust. In recent 
years, various oceanographic expeditions 
have sought to prove this theory by col- 
lecting and analyzing samples of deep 
ocean ooze in a search for meteorite 
traces. To date, however, no conclusive 
evidence has been collected, 


SIZE AND COMPOSITION 


OF METEORITES 
METEORITE CRATER—In historically ancient 
times (recent on a geological scale), a giant 
meteor fell on northern Arizona, The resultant 
crater is approximately 1.2 km (about 0.75 mi) 
in diameter and 182 m (about 600 feet) deep. 
The dimensions of the crater are dramatically 
illustrated by comparison with the large build- 
ing that is barely visible at right 


Meteorites found on the Earth’s surface 
vary widely in size, ranging from that of 
a small pea to such huge boulders as the 
60-ton giant on the Hoba West F ‘arm 
2 near Grootfontein, South West Africa. 


The composition of meteorites also van 
Some are rock fragments having a m 
eral structure vaguely resembling th 
terrestrial rocks. Some consist m: 
iron, nickel, and cobalt, while othe 
of intermediate composition. Three m 
classifications exist: stone meteorites, 
meteorites, and stony irons. A ; 
sible classification—the tektites-is £ 
puzzle to scientists, but is genera 
lieved to be a strange form of me 
(Tektites, or glass meteorites, differ 
pletely in appearance and com 
from other types of meteorites. 
of this—and because their possible 
never has been definitely determin 
question still exists as to whether 


are terrestrial or extraterrestrial objects. 
Increasing evidence indicates, however, 
that they are the remains of much larger 
glassy lumps that have undergone erosion 
while traveling at high velocity through 
the Earth’s atmosphere. ) 

All types of meteorites are quickly 
eroded by atmospheric agents when they 
teach the Earth’s surface, and—except 
when they are of large size—eventually 
become difficult to recognize. Stone me- 
teorites are most affected by such de- 
generation. After only a few years their 
appearance no longer reveals their extra- 
terrestrial origin, except to an expert eye. 
The same degeneration occurs in the 
Stony irons. It has been estimated that 


LARGEST METEORITE CRATER?7—From 

study of geologically recent and ancient ine 
teorite craters, it has been suggested that 
Canada’s Richmond Bay was probably formed 
500 million or more years ago by a gigantic 
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of the total number of meteorites that fall 
to the Earth, 93 percent are stones or 
stony irons, leaving the iron meteorites 
as a small minority. 

Of the stone meteorites, 86 percent are 
further classified as chondrites. Chon- 
drites have an internal structure of chon- 
drules of different minerals, with silicates 
predominating. Such chondrules are not 
found in any Earth rock. Further sub- 
divisions exist within this classification. 

Scientists are attempting to establish 
the conditions under which the minerals 
found in meteorites were solidified and 
crystallized. Chemical analysis indicates 
that approximately 75 of the known ele- 
ments are present in meteorites. Radio- 
active minerals have also been found in 
these missiles from space. 

Analysis has confirmed that some me- 
teorites are fragments of material cooled 
under high pressure comparable to that 


meteorite. Geological changes have obliter- 
ated most traces of the suspected impact. 
However, scientists believe that the structure 
of the bay clearly indicates that it is of an 
ancient meteoritic origin. 


inside a planet, while others solidified by 
rapid cooling as soon as they formed. 


THE AGE OF METEORITES 


The physicochemical analysis of mete- 
orites did not begin until the end of 
World War II. Through techniques of 
radioactive analysis, five dates have been 
established, which are considered basic 
in the life of every meteorite. These dates 
are: 

1. Date of formation of the nuclei of the 
elements that form the meteorite. 

2. Age in which the celestial body that 
was the origin of the meteorite was in a 
molten state. 

3. Date of solidification of the celestial 
body of which the meteorite mass was a 
part. 

4. Date of explosion of the parent body. 
5. Date of the fall to Earth. 
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CHONDRITES AND INTERMEDIATE TYPES— 
Meteorites in which iron is not the predom- 
inant metal are rare on Earth because they 
are rapidly volatilized as they pass through 
the atmosphere and are subject to rapid ero- 
sion once they reach the ground. Illustrations 
6a and 6b show thin sections of two such 


On the hypothesis that at the begin- 
ning of the solar system the abundance of 
elements and isotopes was the same 
everywhere, the presence in a meteorite 
of long-living radioactive isotopes and 
the absence of others of a shorter life- 
span indicate the date when these nuclei 
ceased their formation. To find this date, 
all radioactive elements in the meteorite 
must be analyzed. 

In the process of radioactive deca 
element forms a new nucleus, which, in 
behavior and chemical makeup, differs 
from the original. When the celestial 
body that originally contained the me- 
teorite material solidified, the parent ele- 
ment crystallized, and—after a certain 
period—the descendant nuclei that origi- 
nated from the radioactive decay began 
to appear. Thus, from the ratio of parent 
abundance and descendant abundance, 
scientists can deduce the age at which 
the crystals were formed. Therefore, the 
period in which the parent celestial body 
was in a molten state, as well as the time 
of its solidification, can be determined. 

Finally, when the celestial body broke 
up, the resultant meteorites immediately 
became subject to the bombardment of 

the cosmic rays present in space. Under 
the effects of this bombardment some of 
the nuclei of the meteorites began to 
undergo change. Thus, by determining 
the number of descendant elements 


meteorites. Illustration 6a shows the light- 
colored mineral, tridymite, interspersed with 
black iron-nickel inclusions. (8 X) Illustration 
6b shows a chondrite with small spherules of 
magnesium silicates and metallic nickel-iron, 
with a dark matrix of iron oxide. (12 X) 


formed in a meteorite by cosmic bom- 
bardment, it is possible to deduce how 
long a meteorite has remained in space 
without the protection of the external 
layers of its parent planet. 

Moreover, if the nuclei generated by 
cosmic bombardment are also radioac- 
tive, the quantity of these in the mete- 
orite at the time of analysis depends on 
two factors: how long these elements 
have remained in it while undergoing 
the process of decay, and the number of 
them produced by cosmic rays. Through 
consideration of these factors, the time 
spent by the meteorite on Earth after 
its fall can be accurately deduced. 


METEORITE SCARS 
ON THE EARTH 


In recent years a thorough study has 
been undertaken of all traces left on the 
Earth’s surface by the impact of mete- 
orites. 

Meteorites generally fall on Earth in 
periodic showers, and numerous frag- 
ments of extremely small size have been 
found around the point of impact of 
larger meteorites. In many cases the 
fragments are parts of a larger meteorite; 
in other cases, it is probable that the 
secondary bodies traveled separately in 
space as part of a meteorite swarm. 

Particular attention has been given to 
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systems far outside the limits of 
the Mill they are called extra- 
galactic or simply galaxies. 

In stil her class are the true or 
gaseous s, also called diffuse neb- 
ulas. In tiny particles of matter 
are distr in space like water drop- 
lets in t} uds of the Earth’s atmo- 
sphere. 

DIFFUSE NEBULAS 
The space between the stars of a galaxy 


is not absolutely empty. It contains un- 
evenly scattered atoms, molecules, and 
dust particles. 

The element most common in inter- 
stellar space is hydrogen, which occurs 
at an average density of only one atom 
to many cubic centimeters of space. This 
corresponds to an extreme degree of 
rarefaction, considering that the Earth's 
atmosphere at sea level contains about 
60 billion atoms per cubic centimeter. 
There are, however, local areas of greater 
density in interstellar space where 10 or 
even 100 atoms of hydrogen occur per 
cubic centimeter. In these areas, the gas 
z easily detected; it may even become 
visible as a diffuse nebula if bright stars 
nearby illuminate it. 


JSE: NEBULAS 


STUDYING NEBULAS—Because diffuse neb- 
ulas are not very bright, the best instruments 
for observing them are telescopes with large- 
diameter objectives and low magnification. In 
any case, the telescope does not reveal to 
the eye small details within the nebulas or 
their outer limits where the light fades away. 

Photographs offer the best means of study- 
ing nebulas, but photographs, too, have their 
limitations. It must be remembered that the 
night sky is not completely dark but faintly 
luminous. In a photograph, diffuse nebulas 
that are only faintly luminous blend into this 
background and cannot be seen. Also, it is 
necessary to make extremely long time ex- 


Along with isolated atoms of gas, fine 
particles of dust are present in interstellar 
space. For the most part, the gas is hydro- 
gen, with some helium and a very small 
percentage of other gases including oxy- 
gen. The exact composition of the dust 
is not known, but the dust scatters light, 
and when it is mixed with gas it can 
create an opaque cloud. Such a cloud 
appears as a dark nebula if it is between 


nebulas, stellar clusters, 
and galaxies 


posures, so that faint light sources will regis- 
ter on the photographic plate. In such a 
photograph, parts may be overexposed. The 
photographs seen here were taken with the 
most powerful telescopes in the world. 

The Horsehead Nebula shown above is 
located between the stars { (zeta) and o 
(sigma) in the constellation Orion. A dark neb- 
ula, it is a cloud of gas and dust so dense 
that it obscures bright stars beyond it. The 
shape of this dark cloud, somewhat resem- 
bling a horse’s head, suggested the name 
given to the nebula. This photograph was 
made with the 200-in. Mount Palomar tele- 


scope. 


the Earth and bright stars. If, on the 
other hand, the cloud is behind or at one 
side of bright stars, it appears as a bright 
nebula when observed from the Earth. 

Diffuse nebulas made up of gas and 
fine dust occur almost everywhere within 
the Milky Way. They are, however, most 
numerous near the galactic equatorial 
plane, where the stars are also most 
numerous. 
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MASS AND DENSITY OF NEBULAS—This is 
the Great Nebula in Orion which Surrounds 
the star @ Orionis. The star cannot be seen 
in this Photograph due to overexposure of the 
central part of the negative (Illustration 3). 

It has been estimated that the Great Nebula 
in Orion is 10 light-years in diameter, and that 
its mass is equal to that of many stars the 
size of the sun. Although the mass of the 
nebula is great, the matter is spread over so 
large an area that the density is small, Possibly 
10"'® times that of the sun in the central part 
and even less near the outer edges. 


A STELLAR CATASTROPHE—Color photo- 
graphs are not always of special value to as- 
tronomers. Too often, variations in luminosity 
within the field of the photograph make it 
impossible to render accurately the true colors 
of stars or nebulas. In some instances, how- 
ever, color photographs show details that are 
not visible in black-and-white photographs. 
This color photograph of the Crab Nebula 
in the constellation Taurus shows two distinct 
parts of the nebular structure: a diffuse cloud 
that appears . blue-white, and radiating fila- 
ments that appear red. Studies show that the 
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light from this nebula is polarized and N 
the plane of polarization varies consi fr of 
from one part to another, possibly becake fe 
a magnetic field that follows the pattern Stron 
red filaments. The Crab Nebula is a Sl 
source of both x-rays and radio waves. jier 
The Crab Nebula is the result of a soi 
catastrophe—the explosion of a sun 
Such a star may increase rapidly in lumin ai 
until it is bright as a billion ordinary oar te 
then explode, scattering particles ot e 
into space, thus creating a nebula. that 
astronomers witnessed the supernova 


WHY NEBU SHINE—Knowledge gained 
through spé sopic study of the nebulas 
and the sp classification of stars pro- 
vides seve ts concerning the source of 
nebular lig 

The simp se is that of a nebula com- 


t dust. The dust grains simply 
light from nearby stars, or 
immersed in the dust cloud. 


posed entir 
reflect and 


from stars 

if the net composed of hydrogen or 
helium gas enomenon is more complex, 
but a rule if the stars associated with 
the nebula he early stellar classes such 
as OorB s with surface temperatures 
higher th: )0° C), ultraviolet radiation 
from these xcites the gas in the nebula 
and cause nit radiation of longer wave- 
lengths, o light. A spectroscopic ex- 
amination light reveals the bright-line 
pattern typ the gas. 

If, on th hand, the stars associated 
with the nebula are of the inter- 
mediate or pectral classes (cooler stars 
with surf peratures below 15,000° C), 
the radiat tted by the stars is not suffi- 
cient to r gas fluoresce, and the gas 
merely re nd diffuses the light of the 
stars. Th m is a continuous one with 
dark absc nes, the same spectrum as 
that of th: associated with the nebula, 

Someti y hot “exciter” stars emit 
such a | tion of their radiation in the 
ultraviole hat they are almost invisible 
at visual igths. In such a case it may 
appear photograph (Illustration 2) 
of Nebu in the constellation Gemini, 
that the cloud is spontaneously lumi- 


5 is not the case. 


nous, al 


The ms of diffuse nebulas are 
extreme ible. The smallest are 
always anetary nebulas, gaseous 
enveloy yunding single stars. Their 
diamets less than one light-year. 
The d ns of the larger diffuse 
nebula neasured in tens of light- 
years. 

If the inous clouds that fill in the 
branch rms of the Milky Way are 


consider ingle diffuse nebulas, then 
the dimensions of the largest would be 
of the order of thousands of light-years 


created the Crab Nebula A.D. 1054; since 
that event this nebula has been constantly 
expanding at a rate estimated to be 1,000 
km (about 600 mi) per second. 

The light by which the Crab Nebula shines 
is not produced by either reflection or fluores- 
cence as in the other nebulas discussed ear- 
lier. Instead, the light is emitted directly by 
electrons moving in a strong magnetic field 
at velocities close to the speed of light. This 
so-called synchrotron radiation is typically 
blue and highly polarized, just as observed in 
the diffuse cloud component of the Crab 
Nebula 

The energy required to keep the Crab Neb- 
ula shining is supplied by what must be one of 
the strangest objects in the universe—a neu- 
tron star. As the evolution of a star progresses, 
it gradually uses up the nuclear fuel that pro- 
duces the heat required to support it against 
Collapse. Without support the star contracts, 
and the end result in some cases is thought 
to be the incredibly dense matter in a neutron 


A CHANGING NEBULA—Only a very few of 
the hundreds of nebulas that have been stud- 
ied intensively show observable changes. One 
that does is Hubble's variable nebula. Ob- 
servers who have studied the Doppler shift in 
the spectrum of nebular light believe that large 
turbulent motions may exist within the gaseous 


star. By some as yet poorly understood proc 
ess (undoubtedly associated with a supernova 
explosion) the star assumes the final config: 


ation of a sphere some 10 km (about 6 mi) 


ur 
‘ons. 


across, composed almost entirely of neutr 
The neutrons are packed so tightly together 
that the star is supported by the nuclear repul- 
sive force of the neutrons themselves. Ordi 
nary matter (even in a white dwarf star) is 
mostly empty space between the nucleus and 
the electrons of individual atoms— but in the 
neutron star the densities must be about 10 
gm/cm’. (The mean density of the Earth. 
comparison, is 5.5 gm/cm?® (about 0.8 Ib/in.*) 
Theorists suggested more than 30 years ago 
that neutron stars might exist, but observa- 
tional evidence was lacking until pulsars were 
discovered. Pulsars are celestial radio sources 
that emit bursts of radiation at regular intervals 
of from 0.03 to 4 seconds. They are associated 
with supernova remnants, and although the 
mechanism responsible for the radio emission 
is still unclear, most astronomers now agree 


in 


clouds—motions similar to the churning move: 
ment sometimes visible within atmospheric 
clouds, This turbulence could cause periodic 
changes in the shape or luminosity of a nob: 
ula; but If the nebula is very large and very 
far away from the Earth, the changes would 
rarely be observable. 


.  —5. eee a 


This 


that pulsars are rotating neutron star 
view received support when a very fast pulsar 
was discovered in the center of the Crab 
Nebula. Furthermore, the central r was 
found to emit bursts of light at the same fre 
quency as the pulsar, and since the central 
star is at the same position as the pulsar, the 
The central star of the 


two must be identic 
Crab is the only optical pulsar known, prob 
ably because it is so young compared to other 
pulsars, In addition to being the fastest pulsar 


the Crab pulsar is also slowing down. This 
spindown could rel © enough energy into 
Itself to explain the con 


the Crab Nebula 
tinued synchrotron radiation. 

While supernova remnants are relatively 
rare among nebulas taken at random, several 
others can be identified that have properties 
similar to the Crab Nebula. However, the 
others are all evidently older because they 
are larger and dimmer; and thelr associated 
pulsar (if present) is slower than the pulsar 


in the Crab Nebula 


INVISIBLE NEBULAS — By 
r f the stars in different parts 
onomers can detect the pres- 
s that are not clearly visible. 
clear of obscuring nebulosity, 
of different magnitudes seen 
degree of area of the sky 
on a graph to show an in- 
as in graph a (bottom right 
The fainter the stars counted, 
us they are. Where obscura- 
> is a falling-off in the num- 
s counted, as in graph a’. 
of the field of stars near 
jnis reveals a nebula that is 
central area, where it dif- 
»m several very bright stars. 
tually a dust cloud extending 
lirectlons from the luminous 
almost fills the photographic 
helped in establishing the 
of this nebula. 


3 POWER OF INTERSTELLAR 
t the phenomenon observed 
of fine dust, it is neces- 
t a theory of the obscuring 
ar dust. 
Il cube of material with sides 
entimeter. When placed on a 
surface would cover one square 
centimete a4. Now suppose the cube 
were per ivided Into 1,000 cubes with 
sides m one millimeter. When placed 
side by surface, these cubes would 
cover 1 that Is, 10 cm?, or 10 times 
the prey If the sides of the cubes 
measure anth of a millimeter (com- 
parable mensions of fine sand), they 
would < cm?, or one square deci- 
meter. | jes of the cubes measured 
one-hun `f a millimeter (thick dust), 
they we r 10 square decimeters. If 
the sid: cubes measured one micron 
(fine du uld cover one square meter. 
If divisi continued, however, the sur- 
face wo ger be covered because light 
rays we through the extremely small 
particle 
Some 
lation 
large, 
they are 
fectly a 
been es 
house d 
section 
duce co 
of dust | 
somewh 
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such as that in the constel- 
Illustration 7), are extremely 
an astronomical scale; but 
ip of dust grains of a size per- 
to obscuring starlight. It has 
i that one milligram of ordinary 
square centimeter of the cross 
ebula would be enough to pro- 
) opacity; but the actual density 
dark nebulas is believed to be 
eater than that. 


THE BIRT OF STARS—iIn the central part 
of the n NGC 2237 (Illustration 8) in the 
Constellation Monoceros are dark spots that 
are extremely dense clouds of gas. They 
appear dark because they are too dense to 
transmit the light from stars. It has been 
hypothesized that new stars are being formed, 
by a process of condensation, within these 
dark nebular clouds. When the gas becomes 
dense enough, thermonuclear reactions are 
triggered, and the new star becomes luminous. 

A two-way exchange of matter may take 
Place between stars and the nebulas near 
them, At times stars may throw off large 
amounts of matter, just as a comet throws 
Out material in the form of a glowing tail. This 
Matter adds to the density of the nebula. At 
other times, material in the nebular cloud may 
go into the formation of new stars, so that 
the nebula may, in time, destroy itself. 


Diffuse nebulas are sources of radio 
waves, and many of them have been de- 
tected with radio telescopes. The emis- 
sion of radio waves is due chiefly to 
atomic processes of heating and ioniza- 
tion taking place within the nebulas. 

Diffuse nebulas have been widely 
studied in recent years, and much new 
knowledge has been gained since very 
large telescopes, such as the 200-in. Hale 


reflector at Palomar Observatory, came 
into use. Perhaps the best known of the 
diffuse nebulas is the Great Nebula in the 
constellation Orion. This nebula is bright 
enough to be 


ible to the unaided eye. 


THE PLEIADES—Astronomers have known 
for a long time that the Pleiades (a cluster 
of stars in the constellation Taurus) Is sur- 
rounded by nebulosity; but only in recent 
years, since large telescopes came into use, 
has it been possible to study this nebula in 
detail. Part of the nebula is visible because 
it diffuses light from very bright stars; the 
existence of another part has been theo- 
rized through a statistical count of the back- 
ground stars. 

An interesting point is that light diffused 
by this nebula is polarized, while light from 
the stars themselves is not. This indicates that 
the dust particles making up the nebular cloud 
are elongated and oriented with the major 
axis in the same direction. This would seem 
to be possible only if the particles respond 
in some way to a magnetic field existing 
within the Pleiades cluster. 
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GALAXIES | giant aggregates of stars 


After Galileo had begun using the tele- Ta 
scope for astronomical research and 
larger and more powerful telescopes had 
been built, many astronomers devoted 
themselves to a systematic exploration of 
the entire celestial sphere. They saw that 
all the celestial objects they observed be- 
sides the sun, the moon, and the planets, 
could be classified in two broad cate- 
gories: objects that appeared as point 
sources of light such as the stars, and ob- 
jects with appreciable dimensions called 
nebulas. 

The use of telescopes constructed in 
the eighteenth and nineteenth centuries 
led to the discovery of many nebular ob- 
jects, among which two important cate- 
gories were distinguished. Certain nebu- 
las, when observed through a sufficiently 
powerful telescope, were seen to be clus- 
ters of stars; others, on the other hand, 
seemed to be fairly similar to terrestrial 
clouds, and this led to the belief that 
such nebulas were composed of gas. The 
first type were called resolvable nebulas, 
and the second irresolvable nebulas. 

Subclassification was somewhat arbi- 
trary, since there was no criterion for 
establishing whether an apparently ir- 
resolvable nebula would not, in fact, be 
resolvable, if it could be observed with a 
telescope that was powerful enough. 

In the present century very important 
advances have been made. Spectroscopic 
analysis has made it possible to establish, 
without the use of a large telescope, 
which of the nebulas are composed of 
gas uniformly diffused in space, and 
which consist of a cluster of stars. More- 
over, astronomers learned how to mea- 
sure the distance of nebulas, no matter 
how distant they were. 


EXTRAGALACTIC SPACE 


Although no stars outside the limits of 
the Galaxy can be observed directly, not 
all space external to the Galaxy is empty. 
(When capitalized, the word Galaxy re- 
fers to the galaxy to which the solar 
system belongs—the Milky Way.) At dis- 
tances on the order of ten times the di- 
ameter of the Galaxy—distances corre- 
sponding to about one million light-years 
—are other galaxies of different shapes. 
Like the Milky Way, each of these gal- 
axies consists of stars numbering hun- 
dreds of billions. When the distance of 
these objects was determined, they were 


THE GALAXY—lllustration 1a shows the con- 
stitution of the Milky Way. The space surround- 
ing the sun is occupied by other stars. These 
stars are not very close to one another. In 
fact, they are separated to such an extent that 
the light of a star reaches its neighbors after 
a passage through space of several years at 
a speed of 300,000 km/sec (about 186,000 
mi/sec). 

The number of stars, however, is very much 
greater within the lens-shaped core or inner 
part of the galaxy. The diameter of this densely 
populated area is about a hundred thousand 
light-years. Its maximum thickness is only 
about a tenth of its diameter (Illustration 1b). 


The sun is located at the periphery of this lens- 
shaped area, which contains about 100 billion 
stars, Looking toward the plane of the galaxy, 
an observer sees the luminous streaks known 
as the Milky Way. Looking, on the other hand, 
in a direction perpendicular to that of the 
Milky Way, very few stars are visible. 

In addition to the stars, the Galaxy contains 
vast quantities of diffuse matter in the form 
of gas and fine dust. This material Is most 
densely distributed close to the plane of the 
Galaxy. The luminous areas of appreciable 
size that surround the lenticular structure of 
the Galaxy are groups of thousands of stars 
each, and are known as globular clusters. 


ae 


called extragalactic nebulas. When their 
true nature was recognized, they became 
known as galaxies. 

Extragalactic space, that is, space out- 
side the Milky Way, is studded with 
galaxies. The space between them is prac- 
tically empty and thus permits their tele- 
scopic observation. The most powerful 
optical telescopes have detected ga 
so distant that their light takes two bil- 
lion years to reach the Earth. 


GALACTIC ROTATION 


Galaxies are composed of stars, of trans- 
parent gas clouds in the atomic state, and 
of opaque clouds of fine dust distributed 
in between. The total amount of matter 
condensed in the stars and dispersed be- 
tween them has considerable mass and 
is self-attractive. The stars would collide 
if they did not rotate around the center 
of the nebular mass. Just as the Earth 
and the planets revolve around the sun, 
so the stars that form a galaxy rotate 
around the center of the galaxy. 


The Milky Way has a lenslike structure 
with groups of stars (called globular clus- 
ters) situated outside the disk-shaped 
central portion. Scientists have deter- 
mined the velocity of galactic rotation by 
spectroscopically analyzing the light from 
two opposite extremes of the Galaxy. 
They have found that the rotational speed 
is greatest in the highly flattened disk and 
least in the nearly spherical systems of 
the globular clusters. The globular clus- 
ters show a systematic drift of velocity of 
about 250 km/sec (155 mi/sec) toward 
the constellation Carina. This can best be 
understood in terms of concentric sphe- 
roidal subsystems, with increases in rota- 
tional speed and degree of flattening oc- 
curring from one subsystem to the next. 

In the inner portion of the galaxy, 
where most of the mass is concentrated, 
the system rotates more or less like a rigid 
body. In the outer part of the disk, how- 
ever, where the sun and most of the vis- 
ible stars are located, the angular velocity 
diminishes outward from the center—just 
as it does with planets in the solar sys 
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If an observer considers a group of 
stars surrounding the solar system, he will 
find those located between the solar sys- 
tem and the center of the galaxy gaining 
on the solar system. Moreover, he will 
find those farther away from the center 
lagging behind. In other words, both the 
stars that are nearer the center of the 
galaxy, but ahead of the solar system, and 
the stars that are farther away from the 
galactic center, but behind the solar sys- 
tem, exhibit a systematic velocity of re- 
cession when their velocity in line of sight 
is measured. On the other hand, both the 
stars that are nearer the center and be- 
hind the solar system and those that are 
farther out and ahead of the solar system 
show a systematic velocity of approach. 

For distances up to about 2,500 parsecs 
or 8,150 light-years (1 parsec = 3.26 light- 
years), this effect of differential galactic 
rotation increases uniformly with dis- 
tance in those directions where the effect 
is at its maximum. The effect, therefore, 
is most readily observed from the spectra 
of distant stars; for the nearer stars the 
effect is somewhat obscured by the pres- 
ence of random velocities, which result 
from the fact that galactic orbits are not 
exactly circular. 

Another effect of differential rotation 
is noticeable in stellar proper motions— 
apparent changes in the positions of the 
stars—with a maximum effect in the direc- 
tions at right angles to the galactic plane. 
This effect is independent of distance 
and corresponds to an average proper 
motion of about 0.21 seconds of arc per 
century, which in turn corresponds to a 
velocity of 10 km/sec/1,000 parsecs 
(about 6 mi/sec/1,000 parsecs). 

Studies of the magnitudes of the effects 
in proper motion and radial velocity indi- 
cate that the sun orbits around the galac- 
tic center at a speed of about 250 km/sec 
(155 mi/sec). Consequently, the sun com- 
pletes its orbit around the center of the 
Milky Way in about 200 million years. 


MASS AND DENSITY 


From the speed of galactic rotation, sci- 
entists have been able to estimate the ap- 
proximate mass of the Galaxy at about 
150 billion times the mass of the sun. 
They have also been able to estimate the 
density of the material in the neighbor- 
hood of the sun by computing the veloci- 


ties perpendicular to the galactic plane 
and by assuming a condition of statistical 
equilibrium. Several studies have indi- 
cated that the density of material in the 
solar neighborhood is about 0.1 of the 
mass of the sun per cubic parsec. The 
known stars account for about 60 percent 
of this material; interstellar matter ac- 
counts for an additional 20 percent; and 
unobserved material may account for the 
remainder. 

The stars that make up galaxies have, 
on the average, the same mass as the sun. 
Once the total mass of the galaxy has 
been determined, the number of stars 
contained in it can be estimated, 


ELLIPTICAL AND SPIRAL FORMS 


Observations and calculations such as 
these have brought out the fact that most 
galaxies have a mass equal to that of the 
Milky Way and, therefore, contain a simi- 
lar number of stars. The fact that all gal- 
axies rotate helps to explain why many 
galaxies have spiral structures. Just as 
the planets farthest from the sun rotate 
around it.more slowly than those closest 
to it, so the stars most distant from a 
galactic center rotate more slowly than 
the stars closer to the center of the gal- 
axy. If the galaxy had an irregular shape 
at the time of its formation, and plenty 
of gas and dust was available for star 
formation, the nature of the spiral arms 
was determined by the differential rota- 
tion—plus as yet uncertain magnetic ef- 
fects. The gas and dust are concentrated 
in the arms, and star formation continues 
here. As a galaxy ages, its spiral structure 
becomes less pronounced as random mo- 
tion of stars moves them from the region 
of their formation. Finally, the older gal- 
axies may already have undergone such a 
high degree of rotation and random mo- 
tion that their original spiral structure has 
become completely obliterated and they 
now appear in a homogeneous elliptical 
form. 


THE COMPONENTS OF GALAXIES 


The Milky Way is made up of a large 
variety of objects such as giant stars and 
dwarf stars, hot stars and cold stars, 
dense clusters of stars and sparse clusters 
of stars, double stars and multiple stars, 
dense stars and rarefied stars, clouds of 


fine dust and clouds ci 
nous, others dark), re 
stars, and so forth. < 
contain a variety of o! 


zas (some lumi- 
ins of exploded 
r galaxies also 
ts, but none of 


these can be identified -~ readily as those 
at a lesser distance ir Milky Way. 
Perhaps one billior xies are within 
range of the 200-in > telescope on 
Mount Palomar, and val thousand of 
them are close eno to reveal their 
structural details. G s vary greatly 
in appearance. Aboi o 3 percent of 
them have a chaotic, od appearance; 


: observable in 
inples of these 


the two Magellanic € 
the southern sky ar 


so-called irregular gal The elliptical 
galaxies, which are p tly smooth and 
symmetrical systems e up about 20 
percent of the total ı ver of galaxies; 
these galaxies show n ce of interstel- 
lar dust or gas, and tl: have no young 
blue stars. The great m ority of galaxies, 
however, show som idence of the 
spiral structure that ty s both our own 
galaxy, the Milky W nd the galaxy 
M31 in the constellat ndromeda. 
The great spiral is one of the 
closer galaxies, less th » million light- 
years away. Within t alaxy are hun- 
dreds of star cluster many diffuse 


nt observation, 
g the distribu- 
Jertain regions 


nebulas. The most sig 
however, is that conc: 
tion of stellar populati: 


of space are occupied » ostly by young 
stars—that is, stars w ages are mea- 
sured in millions rath: than billions of 
years, as in the case ld stars. These 
young stars are quite lurninous and are 


interspersed with large «mounts of inter- 
stellar matter—either gaseous or in the 
form of fine dust. Such regions are called 
Population I regions. Other regions of 
space are occupied mostly by old stars. 
These are only weakly luminous, pr 
dominantly yellow or red, and are unr 
formly distributed. Little diffuse matter 
is present between these stars, and sue 
regions—are called Population II region’: 
The composition of a galaxy in terms 
of its stellar populations is roughly m 
dicative of the age of the galaxy P 
Elliptical galaxies are composed chiety 
of Population II regions, while regular 
shaped galaxies are composed chiefly 0 
Population I regions. The periphera 
parts of spiral galaxies are composed S 
Population I regions, but their Ee 
parts consist of Population II regions- 


TITE 
ILLUSTRATED SCIENCE 
DICTIONARY 


Equatorial Telescope to Free Fall 


KEY TO PRONUNCIATION 


The diacritical marks are: 


ə banana, abut e bet th thin 
ə preceding l, m, n é beat th then 

as in battle i tip ü rule, fool 
ò electric ī bite ù pull, wood 
ər further j job, gem ue German 
a mat y sing hübsch 
ā day ō bone w French rue 
4 cot, father ò saw, all yii union 
aù now, out oi coin zh vision 


' mark preceding the syllable with strongest stress. 
, mark preceding a syllable with secondary stress. 


The system of indicating pronunciation in these volumes is used by permission 
from Webster's Third New International Dictionary, copyright 1961 
by G. & C. Merriam Co., Publishers of the Merriam-Webster Dictionaries. 


equatorial telescope 


equatorial telescope \,é-kwa-'t6r-é-al 'tel-a-,skop\ 
ASTRONOMY. A telescope specially mounted so that it automati- 
cally turns, when adjusted, to track any celestial body. The 
device compensates for the earth’s rotation by turning oppo- 
site to, and at the same speed as, the earth’s rotation. 


An EQUATORIAL TELESCOPE is used to make time-exposure pho- 
tographs of a star field. 


equilateral \,é-kwo-'lat-a-ral\adj. 
MATHEMATICS, Having sides that are of equal length, 


A rhombus is an eQuiaTERAL polygon of four sides. 


equilibrium \,é-kwo-'lib-ré-am\ n. 
1. cuemistry. A condition in a reversible reaction in which the 
velocities of the two opposing chemical reactions are equal, 
and the system does not change chemically. 2. pxysics. The 
state of a body at rest, or in motion with constant velocity. 
3. puysiotocy. The condition of the body in which materials 
taken in are balanced by excretions. 


Chemical equisrium can be disturbed by a change in tem- 
perature or pressure. 


equinox \'é-kwa-,niiks\ n. 
ASTRONOMY. The two times of the year ( approximately March 
21 and September 23) when the sun appears directly overhead 
to an observer on the earth’s equator and when nights and days 
are of equal length everywhere on earth. 


The vernal equinox marks the beginning of spring. 


equivalent \i-'kwiv-a-lont\ n. 

1. cuemistry. The atomic weight of an element divided by its 
valence in a given chemical reaction; also, the weight of an 
element that combines with 7.999 grams of oxygen or 1.00797 
grams of hydrogen. 2. matHematics, A statement or propo- 
sition that can be substituted for another statement or propo- 
sition. 

The EQuivaLeNt of an element may be measured in grams or 
in other specified units of weight. 


era \'i(2)r-a or 'er-a\ n. 
EARTH SCIENCE. Any of the five 


principal divisions of geologic 
time, each of which includes on 


e or more periods. 


The Mesozoic Ena is sometimes referred to as the Age of Rep- 
tiles. 


Mt. Palomar Observatory, Cal 


EQUATORIAL TELESCOPE 


Equal Length 


EQUILATERAL 
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WINTER 
(winter solstice) 
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R 
(summer solstice) 


SPRING 
(vernal equinox) 
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esker 


erg \'arg\ n. 
1. puysics. A unit of energy equal to the work done when a 
force of one dyne moves an object one centimeter. 2. EARTH 
SCIENCE. A desert area of shifting sand. 


The exc is so small that the joule, equal to ten million ergs, is 
commonly used to measure quantities of energy. 


erosion \i-'rd-zhon\ n. 
EARTH SCIENCE, The wearing away of rocks and other substances 
at the earth’s surface by such natural agents as water, wind, 
waves and glaciers. 


EROSION 
The control of erosion is important in the conservation of soil 


as a natural resource. 


ergot \'or-got\ n. 
BOTANY and MEDICINE. A poisonous fungus that attacks the rye 
plant, forming a horn-shaped moss that replaces the grains and 
stops their growth. 


Ercor is used medicinally to stop some kinds of bleeding. 


erythrocyte \i-'rith-ra-sit\ n. 


ANATOMY and zootocy. A red blood corpuscle. 


An ERYTHROCYTE contains hemoglobin. 


escape velocity \is-'kap və-'läs-ət-ē\ 
ASTRONAUTICS. The velocity necessary for an object to escape, 
without further propulsion, from the surface of a planet or 
other body. 

| The rscare veLocity of a rocket launched from the earth is 

approximately 25,000 miles per hour, or 7 miles per second. 


escarpment \is-'karp-mont\ n. 

| EARTH SCIENCE. À long cliff or ridge that separates two com- 
paratively level surfaces; also, a steep slope dividing two gently- 

sloping surfaces. 


An EscarpMENT may be a result of erosion or faulting. 


ESKER 


esker \'es-kər\ n. 
EARTH SCIENCE. A long, irregular ridge of crudely-stratified, or 
layered, sand and gravel, created by streams flowing in and 


under glaciers. 
An xsxer is found only in areas once covered by a continental 
glacier. 
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esophagus 


esophagus \i-'säf-ə-gəs\ n. 
ANATOMY. The gullet, or muscular tube, that connects the 
mouth, or pharynx, with the stomach. 


The muscles of the esorHacus propel food through it and into 
the stomach by successive contractions called peristalsis. 


ester \'es-tor\ n. 
CHEMISTRY. A compound that results from the reaction between 
an acid and an alcohol and that usually has a pleasant odor. 


One well-known rsrer is butyl acetate, often used as a solvent 
for fingernail polish. 


esterification \e-,ster-o-fo-'ka-shon\ n. 
CHEMISTRY. The creation or production of an ester. 


An acid catalyst is usually used in ESTERIFICATION. 


estivate \'es-ta-,vat\ v. 
zootocy. To remain inactive during the hot season, as do some 
mammals, reptiles; amphibians and insects; also spelled aesti- 
vate, 


When animals estivate, their food requirements are lowered. 


estrogen \'es-tra-jon\ n. 
PHYSIOLOGY. Any female hormone that controls the development 
of secondary sex characteristics. 


ESTROGEN is secreted by specialized cells within the ovaries, 


estuary \'es(h)-cho-,wer-é\ n. 
EARTH SCIENCE, A long, narrow bay resulting when the sea en- 
ters the mouth of a river and fills valley depressions; also, a bay 
at the mouth of a river in which tides and river currents in- 
termingle. 


The mouth and harbor area of New York's Hudson River is an 
ESTUARY, 


etching \'ech-in\ n. 
CHEMISTRY. The chemical reaction of a glass or metallic object 
with an acid, the object having been previously coated with an 
acid-resistant substance, Markings cut through the coating ex- 
pose the surface to the action of the acid, resulting in a figured 
surface, 


Thermometer scale ercuunc is produced by the action of hy- 
drofluoric acid. 


WAS H 
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ETHER 


Eustachian tube 


ether \'é-thor\ n. 

1, CHEMISTRY. A general name for a class of compounds pre- 
pared by dehydrating an alcohol with a strong dehydrating 
agent, such as sulfuric acid; also, a common name for diethyl 
ether, C:H;OC2Hs,, a colorless, volatile, highly-flammable com- 
pound. 2. prysics. An imaginary fluid, transparent and non- 
viscous, that was once assumed to fill all space and act as a 
medium for the propagation of light. 


Diethyl evner is used as a solvent in industry and as an anes- 
thetic before surgery. 


ethylene glycol \‘eth-a-,lén 'gli-,kol\ 
cuemistry, C.H,(OH)». The simplest polyhydric alcohol, pro- 
duced from ethylene by the addition of two hydroxyl groups. 
Because of its lower vapor pressure and low freezing point, 
ETHYLENE GLYCOL is used in antifreeze solutions for automobile 
radiators. 


Euclidean \yi-'Klid-é-on\ adj. 
MaTHEMarics, Referring to the geometry based on the axioms of 
Euclid; also, referring to other mathematical concepts appear- 
ing in the works of Euclid, as the Euclidean algorithm. 
The principles of ELUCIDEAN geometry are contained in Euclid’s 
“Elements.” 


eudiometer \,yiid-é-'im-ot-or\ n. 
CHEMISTRY. A graduated glass tube used to measure and analyze 
gases. 
Gas in a Kupiomeren is exploded by the use of an electric 
spark. 


eugenics \yu-'jen-iks\ n. 
proLocy. The science based on human heredity that suggests 
methods for improving the human race through the control of 


social and biological factors. 
The study of eucENics has resulted in the development of state 
laws governing the treatment of mentally-defective people. 


Eustachian tube \yù-'stā-shən 't(y)iib\ 
ANATOMY. The bony tube or duct that connects the middle ear 
to the throat, creating uniform air pressure on both sides of the 


eardrum. 
The EUSTACHIAN TUBE in man develops from an embryonic gill 
slit. 
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euthenics 


euthenics \yu-'then-iks\ n. 
A science that seeks improvement of human well-being through 
improvement of environmental conditions. 


It is hoped that the practice of evrnenics will result in more ef- 
ficient and better-functioning human beings. 


evaporate \i-'vap-a-,rat\ v. 
cuemistry and prysics. To change from a liquid to a gas. 


Ethyl alcohol will evaporare more quickly than water. 


evection \i-'vek-shon\ n. 
1, astronomy. An irregularity in the moon’s motion in orbit, 
due to the attraction of the sun. 2. Botany., In certain algae and 
fungi having a series of attached cells, the position at the base 
of a new branch in relation to the parent cell which appears to 
result in the branch dividing into two parts. 


The EvEcrion of the moon sometimes affects the time of an 
eclipse. 


even function \'é-von 'fay(k)-shon\ 
MATHEMATICS. A function whose graph is symmetrical with re- 
spect to the vertical or y-axis; also, a function whose value is 
unchanged when the sign of a number in the domain of the 
function is changed, such as f( —x) = f(x) for all x in the do- 
main of f. 


The function defined by the equation f(x) = x? is an EVEN FUNC- 
TION, 


evening star \'éy-niry 'stär\ 
ASTRONOMY. Any visible planet that sets after the sun; a name 
often applied to Venus. 


It is possible to see Mercury as an EVENING star when it is at its 
greatest elongation, 


even parity \'ē-vən 'par-at-é\ 
ENGINEERING and MATHEMATICS, A method of representing and 
interpreting computer data, where each valid character contains 
an even number of binary digits in the “on” condition; see odd 
parity. 
When computer data is stored in even PARITY On magnetic 
tape, one of the channels on the tape serves as a check to deter- 


mine whether or not conditions of even parity have been met on 
the other six channels. 


MOLECULES 


EVAPORATE 


exhaust velocity 


NEEDLES AND CONE evergreen \'ev-or-,grén\ n. 
BOTANY, A tree or other plant that does not lose its leaves sea- 


sonally, as do deciduous plants. 


An EVERGREEN loses and replaces leaves unnoticeably through- 
out the year. 


evolution \,ev-a-'lii-shon\ n. 
1, BioLocy. The continuous process of the development of a 
species from its earliest stages of life. 2. marmematics, The 
process of finding the root of a number. 


The names of Jean Lamarck and Charles Darwin are associated 
with the early study of EVOLUTION. 


BLUE 
SPRUCE 


excitation \,ek-,si-'ti-shon\ n. 
1. prysics, The creation of a magnetic field by a current for 
use in an electrical generator; also, the process of raising the 
energy level of an atomic nucleus, following which a particle 
of some kind is usually given off. 2. cuemistry. The energizing 
of an atom, usually by moving an electron into a higher energy 
level. 


EXCITATION of an electrical generator is often provided by feed- 
ing back a portion of the current produced, 


EVERGREEN 


excretion \ck-'skré-shon\ n, 
pioLocy and prysiorocy. Elimination of waste substances by 
an organism, as carbon dioxide given off by respiring animal 
and plant cells or the protein waste urea, extracted from the 
blood by the kidneys and eliminated by the bladder. 


The excnerion of water in man occurs partially through the 
sweat glands of the skin. 


exfoliation \(,)eks-,f-Ié-'i-shon\ n. 
EARTH science. A weathering process in which rock surfaces 
break or peel off in a series of circular shells as a result of phy- 
sical or chemical action. 

EVOLUTION One form of EXFOLIATION occurs when water seeps into cracks 

in a rock and freezes, 


exhaustion \ig-'z0s-chon\ n. 
peasant prystoLocy. A condition of utmost fatigue or weakness. 


Rest and food can overcome physical EXHAUSTION. 
exhaust velocity \ig-'z0st vo-'liis-at-2\ 


AERONAUTICS and ASTRONAUTICS. The speed of gases expelled 
from the combustion chamber of a rocket or jet. 


Long-range rockets have high EXHAUST VELOCITY. 
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exocrine 


exocrine \'ek-sa-kron\ adj. 
ANATOMY. Referring to a gland that discharges its secretions 
into a duct. 


The pancreas is an exocrine gland. 


exoskeleton \,ek-(,)s5-'skel-at-°n\ n. 
zootocy. The hard, external framework or supporting covering 
of an animal. 


The shell of a lobster is an ExOSKELETON. 


exosphere \'ek-s6-,sfi(a)r\ n. 
EARTH SCIENCE. The outer part of the earth’s atmosphere that 
lies beyond the ionsphere and begins at an altitude of 200 miles 
or more, 


Recent knowledge about the exospuene has been obtained by 
the use of rockets and satellites. 


exothermic \,ek-sd-'thor-mik\ adj. 
cuemistry. Referring to a chemical reaction in which heat en- 
ergy is released. 


A forest fire is an exoTHERMCc reaction, 


exotoxin \,ek-s0-'tik-son\ n. 
BIOLOGY and MEDICINE. A poisonous substance excreted by some 
mircoorganisms. 


The bacteria causing scarlet fever excrete an EXOTOXIN from 
their cell bodies. 


expanding universe \ik-'spand-in 'yii-no-,vars\ 
ASTRONOMY. A theory that all galaxies in the universe are con- 
stantly moving away from each other at great speed. The theory 
is based on observations indicating that all galaxies are moving 
farther away from the earth, 


The theory of the EXPANDING uNtversE has influenced research 
on the characteristics of the universe and of space. 


expansion \ik-'span-chan\ n. 

1. puysics. An increase in size or volume of a given mass, such 
as a solid or a gas, caused generally by the addition of heat to, 
or the reduction of pressure on, a confined quantity of gas. 2. 
MATHEMATICS. In algebra, the detailed expression, term by 
term, of a mathematical quantity that may have been originally 
expressed ina simplified form, such as a power of a polynominal, 
the product of polynominals or as a determinant. 


Because pyrex glass has a coefficient Of EXPANSION only one- 
third that of ordinary glass, it can be subjected to much greater 
temperature changes without breaking than can ordinary glass. 
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exterior angle 


experiment \ik-'sper-a-mant\ n. 
A series of planned steps performed to test a hypothesis, solve 
a problem or discover new information. 


Exactness, safety and neatness are three important considera- 
tions in conducting a chemical EXPERIMENT. 


| expiration \,ek-spə-'rā-shən\ n. 
a3 PHYSIOLOGY and zoo.ocy. The act of breathing out, or the 
escape of air through the nose or mouth. 


Swimmers must learn to control inhalation and EXPIRATION. 


explosion \ik-'spl6-zhon\ n. 
cuemustry and prysics. A rapid increase of pressure in a closed 
space, as in an exothermic chemical reaction, accompanied by 
a sudden release of large quantities of gas; also, the sudden 
release of a gas under great fluid pressure, or the noise pro- 
duced by such release. 


A chemical exeiosion is often an extremely-rapid oxidation 
reaction. 


exponent \ik-'spõ-nənt\ n. 
MATHEMATICS. A number or symbol placed above and to the 
| right of another number or symbol called the base. A positive 
exponent tells how many times the base is to be used as a factor. 


In the expression y*, which means (y) (y) (y) (y), the number 4 
is the EXPONENT. 


exponential equation \,ek-spo-'nen-chel i-'kwa-zhon\ 
MATHEMATICS. An equation in which a variable or unknown 
quantity is used as an exponent. 


In the EXPONENTIAL EQUATION 3?=9, the value of x is 2. 
EXTERIOR ANGLE 


extensor muscle \ik-'sten(t)-sar 'mas-al\ 
anatomy. A muscle that straightens or extends a part of the 
body, such as an arm or a leg. 
The deltoid muscle of the shoulder is an EXTENSOR MUSCLE that 
raises the arm. 


A*+B=C 


exterior angle \ek-'stir-é-or 'ay-gol\ 
MATHEMATICS. The angle between any one side of a polygon 
and an adjacent side extended; also, one of the four outside 
| angles formed by a transversal cutting across two coplanar lines. 


Any EXTERIOR ANGLE Of 4 triangle is equal to the sum of the two 
nonadjacent interior angles. 
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exterior system 


exterior system \ek-'stir-é-ar 'sis-tom\ 
ASTRONOMY. Any galaxy other than the galactic system of the 
earth, 


An EXTERIOR SYSTEM is called exterior because it is outside our 
galaxy, the Milky Way. 


extinct \ik-'stin(k)t\ adj. 
BIOLOGY, Referring to a species or larger group that is no longer 
living. 


The passenger pigeon is an extinct bird. 


extract \ik-'strakt\ v. 
1. cuemistry. To remove by distilling, evaporating or by ap- 
plying a solvent, 2, matHEeMatics. To calculate the root of a 
number or quantity. 3. To remove forcibly, with effort. 


Commercial firms Extract water from milk to make powdered 
milk. 


extragalactic nebula \,ek-stro-go-'lak-tik 'neb-yə-lə\ 
ASTRONOMY. A nebula beyond the earth’s galactic system. 


The Great Nebula in Andromeda is an EXTRAGALACTIC NEBULA 
visible to the naked eye. 


extrapolation \ik-,strap-a-'la-shon\ n. 
MATHEMATICS. The process of applying relationships taken from 
observed data to instances not observed; also, the process of 
using data within a given domain of a function to determine 
values of the function at points beyond the given domain. 


It is possible to estimate the population increase of a future 
date by EXTRAPOLATION of population trends, 


extrusive \ik-'strii-siv\ adj. 
EARTH SCIENCE. Referring to an igneous eruption or flow through 
the earth’s surface. 


A hardened mass of lava is an exrrusive rock, 


eye \'I\ n. 
1. anatomy and zootocy, In human beings and other animals, 
the complex organ of sight that changes light into nerve im- 
pulses. 2. Borany. The core or center of a flower or plant; also, 


the bud of a tuber. 3. eantsr scence, The relatively calm area 
at the center of a hurricane. 


The human EYE is sensitive to a wide range of light intensities 
and hues. 


Ñ Passenger Pigeon 


EXTRUSIVE 


FACULA 


EE AY ih 
Water boils 


FAHRENHEIT 
TEMPERATURE SCALE 


SUNSPOTS 


ER 
Water freezes 


e 


°F, 
An abbreviation for a temperature measured on the Fahrenheit 
temperature scale. See Fahrenheit temperature scale. 


face \'fās\ n. 
1l. MATHEMATICS. One of the plane surfaces that form a poly- 
hedron, a dihedral angle or a polyhedral angle. 2. EARTH SCIENCE. 
An open rock surface that shows the rock or mineral layers or 
that shows where work is progressing, as a cliff, the end of a 
tunnel, a drift or an excavation; also, one of the flat surfaces of a 
crystal. 


One race of a pyramid is a polygon, and the other faces are tri- 
angles. 


facet \'fas-ət\ n. 
1. EARTH science. Any of the faces of a gemstone; also, an 
abraded (worn) surface of a rock, 2. zooLocy. One of the many 
small surfaces that make up the compound eye of certain in- 
sects. 3. ANATOMY. A small, smooth surface on a bone or other 
hard part. 


A racer of a diamond is one of the natural cleavage planes of 
the crystal. 


factor \'fak-tar\ n. 
1, MATHEMATICS. One of two or more integers or expressions 
that have a product equal to the given integer or expression; 
also, the divisor of an expression. 2. BIOLOGY. A gene or a de- 
terminer of a certain hereditary characteristic. 


One vacron of (x? — y*) is (x — y), and the other is (x + y). 


facula \'fak-yə-lə\ n. 
astronomy. A spot on the surface of the sun that appears 
brighter than the surrounding area as opposed to a sunspot, 
which is darker than the surrounding area. 


A racuta is most easily seen against the less-bright or less- 
luminous background near the sun’s edge. 


Fahrenheit temperature scale \'far-ən-,hīt ‘tem-por-,chii(a)r 
'skal\ 


cueaustry and puysics. The thermometer scale developed by 
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fallout 


Gabriel D. Fahrenheit. Under conditions of standard atmos- 
pheric pressure, the boiling point of water is 212°, and the 
freezing point is 32° above the zero point on this scale. The 
zero point is approximately equal to the temperature of a mix- 
ture of equal amounts, by weight, of snow and salt ( NaCl). 
Abbreviation for a given point on the scale is F. 


To convert a temperature expressed in degrees Centigrade to 
the FAHRENHEIT TEMPERATURE SCALE, multiply by % and add 
32 (F. = % C. + 32), 


fallout \'fo-,laiit\ n. 
puysics, Radioactive particles in the atmosphere that result 
from a nuclear explosion; also, the falling of radioactive par- 
ticles through the atmosphere. 


FALLOUT may be absorbed in cloud formations and may cause 
radioactive rain. 


falls \'folz\ n. 
EARTH SCIENCE. The flow of water over a steep slope or over a 
vertical separation in a stream bed; also called waterfall, cascade 
or cataract. 


One cause of a Fats is the varying erosion resistance of rock 
formations in a stream bed. 


false ribs \'fols 'ribz\ 
anatomy, The five pairs of lower ribs in the human skeleton. 


The FALSE ries are attached to the spinal column like other ribs, 
but they are not connected directly to the breastbone. 


family \'fam-(ə-)lē\ n. 
1l. Biotocy, A grouping, or ranking, above a genus and below 
an order in the classification of plants and animals, 2. cxemustry, 
A group of chemical elements that have similar properties, such 
as the same number of electrons in the outermost shell. 3. 
MATHEMATICS, A set of lines or surfaces that have a common 
geometric property, 


The name of each animal ramy contains the suffix —idae, 
while all plant families contain the suffix —aceae. 


fang \'fay\ n. 
ZOOLOGY. One of the long, curved, hollow, venom-ejecting 
teeth located in the front part of the jaw of poisonous snakes; 
also, one of the four long, pointed teeth that meat-eating ani- 
mals use to seize and tear prey; also called canine tooth, 


A snake's Fanc lies against the roof of its mouth when the mouth 
is closed. 


FAMILY 


FALSE RIBS 


PHYLUM: Chordota 
CLASS: Mammalia 
ORDER: Carnivora 
FAMILY: Felidae 
GENUS: Felis 
SPECIES: domesticus 


Common name: House cat 


fat 


farad \'far-,ad\ n. 
puysics, A unit of electrical capacity equal to the capacitance 
of a capacitor (condenser) between whose plates there is a 
potential of one volt when the capacitor is charged with one 
coulomb of electricity. 


Because the raran is a measuring unit too large for most prac- 
tical purposes, the microfarad is more commonly used. 


faraday \'far-ə-,dā\ n. 
puysics, A measurement of electricity equal to 96,500 coulombs, 
or the amount of electricity carried by electrolysis per gram- 
equivalent weight of the ions of the substance. 


The raranay of electricity is based only on the mass of the 
substance deposited on, or liberated at, an electrode, not on 
the time used for the passage of the current. 


FARSIGHTED Faraday’s laws \'far-ə-dāz 'loz\ 
cuemistry. Laws of electrolysis stating that (a) The amount of 
chemical decomposition in an electrolytic cell is in direct pro- 
portion to the amount of electricity passed through the cell. 
(b) The amounts of different substances that are deposited or 
dissolved by the same amount of electricity are in direct pro- 
portion to their equivalent weights. 


Evidence supporting ranapay’s Laws is found in the electrical 
nature of matter. 


farsighted \'far-'sit-od\ adj. 
puysioLocy. Referring to a condition of the eye in which dis- 
tant objects are seen more clearly than objects at close range 
because the images of objects near the eye come to a focus 
behind the retina. Farsightedness is caused either by loss of 
elasticity of the lens or by shortness of the eyeball from front 
to back. 


To help correct FARSIGHTED vision, glasses with convex lenses 
are used to make the images of nearby objects focus on the 


retina. 
ae fat \'fat\ n. 
alee Ae td 1. piovocy. A greasy solid or liquid found in the tissues of 


animals and certain plants. Beef suet, lard, olive oil and pea- 
nut oil are examples. 2. CHEMISTRY. An ester formed by the re- 
action of glycerol, C,H;(OH)s, with an organic acid of high 
molecular weight, such as oleic acid, C,;HysCOOH, or palmitic 
acid, Ci;Hz,COOH. It is insoluble in water, colorless, odorless 


and tasteless. 


rar is an energy-yielding food. 


fathom 


fathom \'fath-om\ n. 
EARTH SCIENCE and MATHEMATICS. A unit that is equivalent to 
6 feet, or 1.83 meters, commonly used for measuring water 
depths. 


The ratuom is the unit frequently used in measuring the depths 
of river and bay channels. 


fatigue \fo-'tég\ n. 
1. prystoLocy and zootocy. A temporary reduction of the abil- FATHOM 
ity of an organism or of its parts to function efficiently after 
prolonged or excessive exertion or overstimulation; a state of 
weariness or exhaustion. 2. CHEMISTRY. The tendency of solids, 
especially metals, to break under stress that exceeds their tensile 
strength. 


Depth measured by 
fothometer (Sonar) 


An inadequate supply of oxygen during exercise will increase 
muscular FATIGUE, 


fatty acids \'fat-é 'as-odz\ 
CHEMISTRY. A general name for a group of organic acids that, 
combined with glycerol, forms compounds classified as esters. 
The most common fatty acids are oleic, palmitic and stearic 
acid, all of which are waxy and fatty in appearance; see 


fat (2). 


FATTY acips play an important role in the manufacture of 
soap. 


fault \'folt\ n. 
EARTH SCIENCE, A crack or separation in rock formations with 
vertical, horizontal, or vertical and horizontal, movement of 
the two sides relative to each other; see normal fault, reverse 
fault, thrust fault and gravity fault. 


A Fautr is caused by movement of the carth’s crust. 


fauna \'fon-a\ n. 
zoo.ocy. The animals found in a specific region or time; also, a 


listing and description of all the animals of an area or region; 
contrasted to flora. 


FAUNA that live in desert areas have developed characteristics 
different from those of animals that live in polar regions. 


feedback \'féd-,bak\ n. 
1. ENGINEERING. The process in which some of the energy from 
the output circuit of an amplifier is transferred back into the 
amplifier's input circuit. 2. The return of part of the output to 
the input phase of a process, machine or biological system. 


The squeal sometimes produced by a public address system is 


174 


ferromagnesian 


an example of FEEDBACK caused when the microphone is placed 
too near the loudspeaker, 


feldspar \'fel(d)-,spir\ n. 
EARTH SCIENCE. Any of an abundant group of rock-forming min- 
erals that contains silica, oxygen, aluminum and varying 
amounts of other minerals. Feldspars weather to form clay 
minerals. 


FELDSPAR is one of the principal minerals in granite and basalt 


FELDSPAR rocks. 


female \'fé-,mal\ adj. 
1. zooxocy Referring to the sex, or to the characteristics of that 
sex, that bears offspring. 2. Botany, Pertaining to a plant, or to 


SPRING GRAIN APHID 
organs of a plant, that requires fertilization; pistillate; see pistil. 


In certain species, the FEMALE animal is often larger than the 
male. 


fermentation \,fər-mən-'tā-shən\ n. 
CHEMISTRY. A chemical reaction that changes sugar into alcohol. 


Enzymes, which are complex compounds, aid in the FERMEN- 
TATION of sugar solutions, such as fruit juices. 


ferrite \'fe(o)r-,it\ n. 
cuemistry. Any one of a number of ceramiclike chemical com- 
pounds containing ferric oxide, Fe¿Os. Most are magnetic and 
have the crystalline structure of spinel. High permeability and 
electrical resistivity make them useful in transformers and other 


electronic devices. 


TERMEN TARON Components made of FERRITE are used in radio antennas, TV 
picture tubes and in digital computer systems. 


FEMALE 


ferroalloys \,fer-5-'al-,òiz\ n. 
CHEMISTRY. Alloys of iron with such other metals as silicon, 


manganese, tungsten or chromium. 


FERROALLOYS are sometimes used to deoxidize molten steel. 


GLUCOSE (molasses) AND 


ZYMASE (in yeast) ferromagnesian \ fer-d-ymag-'né-shon\ adj. 


Limewater turns milky, EARTH SCIENCE. Referring to any of the silicate minerals that 
indicating CO, is present A 5 r pany : 
contains iron and magnesium, such as olivine, augite, horn- 
CsHn0s __ ZYMASE p» 2C,HOsH + 2C0: blende and biotite 


Rocks containing FERROMAGNESIAN minerals are dark in color 
and have a high specific gravity. 
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ferromagnetic 


ferromagnetic \ fer--,mag-'net-ik\ adj. 

EARTH SCIENCE and puysics. Referring to any substance that can 
be attracted to a magnetic body, such as iron, nickel, cobalt and 
gadolinium; also, referring to a substance with magnetic prop- 
erties, such as magnetite. 

A FERROMAGNETIC substance can be magnetized by stroking it 
with a permanent magnet or by placing it in a coil of wire that 
is carrying an electric current. 


ferrous \'fer-as\ adj. 
CHEMISTRY. Referring to chemical compounds or ions of iron in 
which the iron shows an oxidation state, or valence, of +2. 


FERROUS sulfate, used in the manufacture of ink, is combined 
with tannic acid to form ferric tannate, a black coloring sub- 
stance. 


ferrous alloys \'fer-as ‘al-oiz\ 
CHEMISTRY. Another term for ferroalloys. See ferroalloys. 


fertilization \,fart-*l-a-'z4-shon\ n. 
BIOLOGY, The union of the egg cell of a female plant or animal 
with the sperm cell of a male plant or animal. 


FERTILIZATION Can occur only in a mature egg cell. 


fetus \'fét-as\ n. 
ANATOMY and Zootocy. An unborn offspring that has developed 
the characteristics of the species to which it belongs. It usually 
applies to the later stages of the embryos of vertebrate animals. 


In man, the embryo is called a rerus after the end of the eighth 
week of development. 


F: generation \'ef-,won \jen-ar-'a-shon\ 
BIOLOGY, The offspring of an organism, or organisms, taken as 
a starting point; the first filial generation. 


In a monohybrid cross, the F, GENERATION resembles one of the 
parents one-half of the time. 


fiber \'fi-bar\ n. 
BIOLOGY. A strand, or filament, of protoplasmic material pro- 
duced by cells but located outside the cells, 


The cotton plant produces a rier that is valuable to man. 


fibrin \'fi-bran\ n. 


PHYSIOLOGY. An insoluble, elastic protein that is formed by a 


FETUS 


— 


SSUES) 


filament 


chemical reaction when blood clots. It becomes a network of 
small fibers. 


FIBRIN is formed from fibrinogen, a blood plasma protein. 


fibrous roots \'fi-bras 'riits\ 
BOTANY., Roots that are slender and fiberlike; also, roots of the 
second order, branched repeatedly, with no root more promi- 


nent than another. 
FIBRIN 


Wheat, oats, rye, corn, sorghum and rice have ¥1prous Roots. 
BLOOD CLOT 
fibrovascular \,fi-bré-'vas-kyo-lor\ adj. 
BIoLoGY. Having conducting tissue that consists of conducting 
cells, or vessels, and fibers. 


In plants such as corn, buttercups and oak trees, the risnovas- 
curar bundles consist of fiber, phloem and xylem cells. 


fidelity \fo-'del-at-é\ n. 
puysics. The degree to which a sound system, such as a radio 
or phonograph, reproduces the original signal fed into it. 


FipEtity is accomplished by designing the parts of a system so 
that the wave form of the input signal is not changed. 


field \'féld\ n. 
1. pnysics. The space in which a force such as magnetism has 
influence; also, the area visible through an instrument such as 
a telescope. 2. MATHEMATICS. A set of elements for which two 
FIBROUS ROOTS operations, addition and multiplication, are defined and for 
which the following conditions hold: (a) The set forms a com- 
mutative group with respect to addition. (b) The set of non- 
zero elements forms a commutative group with respect to mul- 
tiplication. (c) Multiplication is distributive over addition; that 
is, if a, b and c are elements of the set, then a X (b + c) = 
axb+taxc 
Tides are evidence that the earth is within the gravitational 
FIELD of the moon. 


field magnet \'fēld 'mag-nət\ 
—. ENGINEERING. A magnet that produces the magnetic field in cer- 
tain machines, such as electric motors and generators. 


MAGNET ae) Wy 


The riwLo MAGNET of a small electric motor, such as those found 
in toys and model airplanes, usually is a permanent magnet. 


oy WS FIELD 


filament \'fil-a-mont\ n. 
1. norany. The stalk of the stamen that bears the anther at its 
tip; also, a row of slender cells found in certain algae. 2. PHYSICS. 
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filial generation 


The wire in a bulb or a vacuum tube that gives off light and 
electrons when heated. 


Each stamen has a slender stalk, or ritament, at the top of 
which is an anther, the pollen-bearing organ. 


filial generation \'fil-€-ol ,jen-or-'a-shan\ FILAMENT Ç 
BIOLOGY. The F; generation. See F, generation. SN 


film badge \'film 'baj\ 
PĦysIcs. A metal, plastic or paper device containing film packets. 
When developed, the film indicates the amount of ionizing radi- 
ation to which it was exposed. A film badge can be attached to 
the clothing or made into a ring or bracelet. 


The rum Banc has helped to create safer working conditions 
for scientists and technicians who work with radioactive ma- 
terials, 


filter \'fil-tor\ n. 
1. CHEMISTRY, Any porous material, such as cloth, paper, char- 
coal or sand, that is used to separate a liquid from the solids 
contained in it. 2. prrysics. A device that allows a selected range 
of frequencies of energy, such as light, sound and electricity, to 
pass through and that suppresses other frequencies not within 
this range. 


FILM BADGE 


In a laboratory, a paper rivrer is placed in a glass funnel to re- 
move the suspended particles from a liquid that is poured 
through it. 


filterable virus \'fil-t(ə-)rə-bəl 'vi-ros\ 
MEDICINE. An organism so small that it passes through a fine 
bacteria-retaining filter. Some cause diseases such as mumps, 
smallpox, measles and poliomyelitis. 


A FILTERABLE VIRUS, like any other virus, is unable to grow and 
reproduce itself outside the living protoplasm of its host. 


filtrate \'fil-,trat\ n. 


CHEMISTRY, The liquid that is collected after a filter has removed 
the solid particles in the liquid. 


Dissolved chemical substances are often present in a FILTRATE, 


fin \'fin\ n. 
1. zootocy. A winglike organ on the bodies of fish and cer- 
tain other animals that live in the water. Fins are used in swim- 
ming, turning and balancing, 2. AERONAUTICS and ASTRONAUTICS. 
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ie FIREBALL 


FIRST-QUARTER MOON 


fission 


A fixed or adjustable airfoil attached to an aircraft or rocket 
and used to provide directional stability. 


A py is composed of a web of skin supported by horny rays, or 
rods. 


finite \'fi-nit\ adj. 
MATHEMATICS. Having a limit or being bounded, as numbers 
that can be reached by counting and quantities neither so large 
nor so small that they cannot be measured. A set is finite if the 
number of its elements is zero or some positive integer. 


The letters of the English alphabet constitute a Frnrre set. 


fireball \fi()r-,bol\ n. 
1. astronomy. An unusually bright meteor; see bolide. 2. puy- 
sics, The cloud of dust and water vapor created by a nuclear 
explosion. 


A rmepatt may be bright enough to be visible during the day- 
time. 


firedamp \'fi(a)r-;damp\ n. 
cuemistry. A highly-explosive mixture of methane and air 
found in the seams of coal mines. 


FinEDAMP is frequently the cause of explosions in coal mines. 


firn \'fi(e)rn\ n. 
EARTH SCIENCE. Granular snow that is partly compacted by alter- 
nating freezing and thawing action. It is commonly found on 
high mountains and is also called névé. 


On mountain glaciers, the rwy has an average thickness of 100 
feet before it recrystallizes into glacial ice. 


first-quarter moon \'forst-,kwo(r)t-or ‘miin\ 
ASTRONOMY. The phase of the moon occurring midway between 
a new moon and a full moon; as viewed from the earth, the 
phase when the right half of the moon's surface is illuminated 
by the sun’s light. 
‘A FIRST-QUARTER Moon is at the observer's meridian at approxi- 
mately 6:00 P.M. 


fission \'fish-an\ n. 
1. ceusray and prysics, The splitting of the nucleus of an 
atom into two or more parts of about equal size, accompanied 
by the release of large amounts of energy. 2. BIOLOGY. An asex- 
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fissure 


ual method of reproduction by which a single cell divides into 
two or more parts that are approximately equal in size. 


The discovery in 1931 of the process of Fission led to the atomic 
bomb. 


fissure \'fish-or\ n. 
EARTH SCIENCE. A narrow opening in a rock or rock formation 
caused by tension or pressure that pulls the rock apart. 


Although relatively narrow, a Fissure usually has an extensive 
length. 


fistula \'fis(h)-chə-lə\ n. 
MEDICINE. An abnormal passage that leads from an abscess, or 
from any hollow organ, to a free surface. 


The surgical removal of a Fistura is called a fistulectomy. 


fix \'fiks\ 

1. cHemistry (V.). To combine free nitrogen with other ele- 
ments to form compounds; also, to remove chemically from an 
exposed photographic film those substances that are sensitive 
to light. 2. grorocy (V.). To kill, harden and preserve organisms 
or fresh tissue for microscopic study or other purposes; also, 
to establish or make permanent by selective breeding. 3. AERO- 
nautics (N.). The position of an aircraft as determined by ref- 
erence to celestial objects, landmarks or by the use of elec- 
tronic aids, 


Discharges of lightning in the atmosphere r1x nitrogen com- 
pounds in the form of oxides that, when dissolved in rainwater, 
become available for plant nourishment. 


fixed star \'fikst 'stir\ 
ASTRONOMY, A star whose apparent motion, relative to sur- 
rounding stars, does not change over long periods of time. 


A FIXED STAR is so distant from the earth that its movements are 
difficult to detect. 


fjord \fé-'6(9)rd\ n. 
EARTH SCIENCE. A long, narrow, very deep bay with steep sides 
and a U-shaped cross section. A fjord is formed by the thick ice 
of a valley glacier that has scooped out a valley below sea level. 
Fjords are responsible for the irregular coastlines of Norway, 
Alaska and Greenland; also spelled fiord. 


A rjorp is a stream valley that has been deepened and broad- 
ened by a glacier and then partially filled by the sea when the 
glacier melted. 
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flagellum \flo-'jel-om\ n. 
BIOLOGY. A long whiplike extension of the cytoplasm of bacteria, 
protozoa and certain plant and animal cells, used as an organ 
of locomotion or circulation, 


The euglena is able to move about by means of a FLAGELLUM. 


flame test \'flim 'test\ 
CHEMISTRY. A method used to identify certain elements, such as 
sodium or potassium, or compounds of such elements, by the 
color given to a colorless flame in which the unknown substance 
is heated. 


The characteristic color of the flame in the ruame Test for an 
element is a result of the excitation by heat of the orbiting elec- 
trons in the atoms. 


flammable \'flam-a-bal\ adj. 
CHEMISTRY. Pertaining to any substance that is easily set on 
fire; used interchangeably with inflammable. 


Gasoline is a dangerously-FLAMMABLE substance. 


flares \'fla(o)rz\ n. 
ASTRONOMY. Outbursts of energy on the sun that are part of 
large and active sunspot groups. Flares usually rise to a great 
intensity in a few minutes and fade slowly. 


Because FLARES on the sun affect the magnetic field surround- 
ing the earth, they produce disturbances in radio transmission 
and reception. 


flash flood \'flash 'flad\ 
EARTH SCIENCE. A sudden onrush of water down a canyon or a 
valley following a cloudburst or heavy rain on nearby higher 
ground. 


A FLASH FLOOD in an arid or semiarid area may be the principal 
agent of erosion, 


flash point \'flash ‘point\ 
cuemistry. The lowest temperature at which the vapor from a 
flammable substance will burst into flame. 


The rtasun vont test is valuable in formulating fire and safety 
rules. 


flask \'flask\ n. 
cuemistry. A container, generally of glass, used to hold liquids, 
and sometimes other substances, for laboratory work. It is 
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F layer 


formed with a neck for pouring and for the reception of stop- 
pers. 


A Fiask with a graduated neck is often used for the accurate 
measurement of liquids. 


F layer \'ef 'lā-ər\ 
EARTH SCIENCE. À layer of concentrated ionization in the iono- 
sphere between altitudes of 100 and 300 miles. 


The F Layer exists in the daytime as two layers, the F, and the 
F, layers. 


flexor muscle \'flek-sər 'mas-al\ 
ANATOMY and zoorocy. A muscle that bends a limb or other part 
of an animal's body. The bending takes place at a joint, such as 
at the elbow or knee in man. 


When a FLEXOR MUSCLE contracts, an extensor muscle relaxes, 


flight path \'flit 'path\ 
AERONAUTICS and astronautics. The path that an aircraft, 
rocket or projectile takes through the atmosphere or space. 


A planned riicurt rats in the atmosphere is sometimes altered 
by changes in wind velocity and direction. 


floating-card compass \'flt-in-kard 'kəm-pəs\ 
puysics. An instrument that consists of a steel magnet suspended 
in a liquid so it can turn easily in a horizontal plane to set itself 
along a magnetic north and south line. 


The Chinese invented the rLoatiNc-carD compass and used a 
lodestone as a magnet. 


floating ribs \'fl6t-in 'ribz\ 
ANATOMY. The two lowest pairs of ribs. They are attached to the 
vertebrae in the back but not to the breastbone (sternum) or 
the cartilage of other ribs. 


In man, the FLoatinc res make up the eleventh and twelfth 
pairs of ribs. 


flocculent \'flik-yo-lont\ adj. 
ZOOLOGY. Referring to something covered with a waxy, wool- 
like substance. 


The r.occutent sheath of some scale insects gives protection 
for the female and her eggs, 


floe \'A5\ n. 
EARTH SCIENCE. À mass or field of floating sea ice that appears 


FLOATING RIBS 
(BACK VIEW) 


flower 


after a summer breakup of ice in the Arctic or Antarctic regions. 
A floe is usually frozen to a depth of eight to ten feet below the 
water, 


A FLOE originating in the Arctic Ocean is composed of salt- 
water ice that has a freezing point below 32° F. 


flood plain \'flod 'plān\ 
EARTH SCIENCE. A stretch of nearly-level land bordering a stream 
or river and composed of sediment deposited during floods. 


The sediment of a rLoop PLAIN is deposited by slow-moving 
water that has left the main stream channel. 


flora \'flor-a\ n. 
sorany, The plant life of a particular region or period; also, a 
listing and description of all the plants of an area or region; con- 
trasted to fauna. 


The study of ecology is concerned with the relationships and 
interactions of FLora and fauna and their environment. 


florescence \fld-'res-°n(t)s\ n. 
norany. The act of flowering or the state of being in bloom. 


A rapid rLonEscENCE often occurs on the desert after a spring 
rain. 


floriculture \'flér-a-,kol-chor\ n. 
porany. The branch of horticulture concerned with the man- 
agement and cultivation of flowering plants and ornamental 
shrubs and trees, usually on a commercial scale. 


An understanding of the temperature, light and soil require- 
ments of plants is necessary for successful FLONICULTURE. 


flotation process \flé-'ta-shon 'priis-,es\ 
CHEMISTRY and EARTH SCIENCE. A method used to separate min- 
erals from their ores by mixing the pulverized ore with an oil- 
water mixture and whipping the mixture into a foam or froth. 
The mineral then becomes coated with oil, floats and can be 


Sheen floated off and purified. 
The rLoration Process makes possible the economic recovery 
GRASS ` a of minerals from low-grade ores. 
FLOWERS Fi, ey 


We ly flower \'flaù(-ə)r\ n. 
A sorany. The part of a plant containing, or consisting of, the 
reproductive organs; a blossom. 


The rLoweR of a grass generally grows in a head or spike. 


flowmeter 


flowmeter\'fl6-,mét-ar\_n. 
ENGINEERING. A device that measures the rate of flow of a fluid. 
It may be calibrated in such units as gallons per second, cubic 
feet per minute or liters per hour. A flowmeter may utilize 
mechanical or electrical devices and can be used to measure 
flow in pipes or open streams. 


FLOWMETER 


A FLOWMETER is used to check the rate at which chlorine is “™& 
added to water in water-purification plants. 


fluid \'flii-ad\ adj. 
puysics. Referring to the physical state of a substance that can 
flow. 


Hydraulics is a science dealing with rLuw characteristics, 


fluid pressure \'flii-od 'presh-ər\ 
ENGINEERING and puysics. The force per unit area within a fluid, 
or the force per unit area exerted by a fluid against a surface in 
contact with it. 


When a fluid passes from a wider to a narrower channel, its 
velocity increases, and the rLuw pressure on the sides of the 
channel decreases. DP $} decreasing pressure 


~> — Increasing velocity 


flume \'fliim\ n. 
1. ENGINEERING. A trough, or channel, constructed to conduct re 
water from reservoirs or lakes to a distant area, 2, EARTH SCIENCE. a E 


A deep, narrow ravine or gorge containing a rapidly-flowing \ 7 


stream. ETNA NUL TA 
Hat NM 


In mining operations, a ruume is often constructed to carry FLUID PRESSURE 
water to, or away from, a mine site. 


fluorescence \(,)flii(-0)r-'es-°n(t)s\ n. 
puysics. The phenomenon characteristic of certain substances 
by which radiation is absorbed, and different radiation is given 
off, The phenomenon continues only so long as radiation is 
being absorbed. When the absorbed radiation is electromag- 
netic, the radiation given off is always of a longer wave- 


length. 


The fluorescent lamp illustrates rLuorescence when ultraviolet 
light produced within the tube is absorbed by the inner coat- 
ing on the glass and causes emission of visible light. 


fluoridation \,flar-a-'da-shon\ n. 
CHEMISTRY and MEDICINE. The process of treating a substance 
such as water with fluorides; especially, the addition of small 
quantities of fluorides to a public water supply. 


FLUORIDATION of drinking water has been shown to reduce the 
incidence of tooth decay. 
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fluorocarbons \,flù(-ə)r-5-'kär-bənz) n. 
CHEMISTRY. À group of compounds composed of carbon and 
fluorine only. They are usually considered as derivatives of 
hydrocarbons in which the hydrogen atoms have been replaced 
by fluorine atoms. 


FLUOROCARBONS are unusually resistant to attack by the most 
corrosive chemicals. 


fluoroscope \'flùr-ə-,skõp\ n. 
MEDICINE, An X-ray device that shows the shadows of the in- 
ternal structures of the body on a fluorescent screen. 


The rLuoroscore is of value in diagnosing some internal injuries 
or disorders and in detecting broken bones. 


flux \‘floks\ n. 
1. cuemustry. A substance that is used as an aid in fusing sub- 
stances and in melting another substance. 2. prysics, The 
amount of matter, energy, force or power that passes through 
a specified area in a given time. 


Many types of solder contain a ruux in a hollow core. 


FM 
An abbreviation for frequency modulation. See frequency 
modulation. 


focal length \'f6-kal 'len(k)th\ 
puysics. The distance from the optical center of a lens or a 
curved mirror to the principal focus. 


The Foca. LENGTH of California's 200-inch Mt. Palomar tele- 
scope mirror is 55¥% feet. 


focal plane \'f6-kol ‘plan\ 
puysics. A plane that is parallel to the plane of a lens or a mirror 
and that is at the proper distance to pass through the focus of 
the lens. 
Many expensive cameras have a shutter at the FOCAL PLANE to 
achieve fast shutter speeds, since the shutter thus needs to move 
a very small distance. 


focal point \'f6-kol ‘point\ 
puysics. The point at which a lens or curved mirror brings to- 
gether incoming parallel rays of light or other radiation. 


The sun’s radiation can ignite a piece of paper that is placed 
at the FocAL Port of a convex lens, 
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focus 


focus \'f6-kes\ 

1, puysics (V.). To move a lens toward or away from an object 
in order to form a clear image; also, to cause parallel rays of 
light or other radiation to come together. 2. MATHEMATICS (N.). 
One of the two fixed points that lies on the major axis, or diame- 
ter, of an ellipse and on the transverse axis, or diameter, of a 
hyperbola and that is used in defining these conics; also, the 
fixed point on the axis of a parabola that is used in defining the 
parabola, 3, rart scænce (N.). The source, or origin, of earth- 
quake waves. 


A noticeable time delay occurs if, when reading a book, one 
tries to Focus his eyes on a distant object. 


foehn \'fa(r)n\ n. 
EARTH SCIENCE. A warm, dry wind that blows down the northern 
slopes of mountains, as the Alps. It is similar to the chinook on 
the eastern slopes of the Rocky Mountains. 


In the western United States, a Foenn is often called a snow- 
eater because it quickly melts a great deal of the snow in its 


path, 


fog \'fog\ n. 
EARTH SCIENCE, A relatively-dense mass of water droplets in the 
lower atmosphere near the surface of the earth that occurs when 
warm, humid air passes over a cold area and is cooled to the 
dew point. 


If the air temperature is below freezing, a roc may consist of 
tiny ice needles. 


fog tracks \'fog 'traks\ 
puysics. The paths of electrified particles through a supersatu- 
rated vapor, made visible by the formation of trails of micro- 
scopic liquid droplets. 


Observing Foc Tracks in a cloud chamber within a 
field makes it possible to detect the type of electrical charge on 
particles emitted from radioactive materials. 


fold \'fdld\ n. 
EARTH SCIENCE. Rock layers that have been bent or wrinkled 
into a wavelike formation. Folds are caused by movements in 
the earth’s crust. 


A rop may be an inch or less in height or so huge that it 
forms a mountain range. 


FOEHN 


WARM, DRY WIND 
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fool's gold 


foliage \'f6-1(é)ij\ n. 
BOTANY. The whole leaf system of a tree or a plant; leafage. 


The symptoms of mineral deficiency in plants can be detected 
in the FOLIAGE. 


foliation \,f6-lé-'a-shan\ n. 
1, EARTH SCIENCE. The parallel arrangement of minerals in a 
rock, giving it a layered or leaflike structure; also called slaty 
cleavage. 2. Botany. The leaves of a plant; also, the way leaves 
are arranged in the bud or on the stem. 


Metamorphic rocks, such as schist and gneiss, show FOLIATION. 


follicle \'fal-i-kal\ n. 
ANATOMY and zooLocy. Any small sac or gland that normally 
secretes or excretes a substance. 


Each human hair grows from a ¥ou.icte in the lower layers of 
the skin. 


follicle-stimulating hormone \'fil-i-kol 'stim-yo-,lat-in 
‘hor-,m6n\ 
PHYSIOLOGY. A hormone that comes from the anterior lobe of 
the pituitary body and that stimulates the growth of Graafian 
follicles in the female and activates sperm-producing cells in 
the male; abbr. FSH. 


A FOLLICLE-STIMULATING HORMONE is a protein-carbohydrate in 
composition. 


food chain \'fiid 'chān\ 
BioLocy and pxysioLocy. The nutritional relationship that 
unites organisms of a biological community, as for example a 
plant that is eaten by an animal that in turn is devoured by a 
carnivorous animal that, through metabolism or ultimate death, 
returns the material to the environment as food for plants. 


A roop CHAIN may involve a few organisms or many. 


food web \'fiid 'web\ 
rcoLocy, The system of food circulation and feeding interrela- 
tions in an ecological community, whether forest, grassland, 


lake or sea. 
Simple energy pathways called food chains make up a Foon WEB. 


fool’s gold \'fiilz 'gold\ 
CHEMISTRY and EARTH SCIENCE. Another term for pyrite. See 


pyrite. 
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foot 


foot \'fut\ n. 
1, MATHEMATICS. A measure of length equal to 12 inches, or ¥% 
yard. 2. anatomy and zootocy. The end, or distal part, of the 
leg on which an organism stands or walks. 


The Foor is a unit of measure supposedly derived from the 
length of a man’s foot. 


footcandle \'fut-'kan-d°l\ n. 
puysics. A unit of illumination equal to the illumination on a 
surface that is perpendicular to the rays of light from a one- 
candlepower source at a distance of one foot. 


. FOOT-POUND 
The photometer is an instrument that can be used to measure 
intensity of light in units of a FOOTCANDLE. pmen iip 
H A 
—! 
—; an 
foot-pound \'fút-'paùnd\ n. Err a tore 
puysics. The unit of work done when a force of one pound eres hae tae! 


moves a body one foot. 


In the school science laboratory, the unit of work used may be 
either the roor-pounp or the dyne-centimeter. 


foot-pound-second system \'fut-'patnd-'sek-and 'sis-tam\ 
puysics. A system of measurement that uses the foot, the pound 
and the second as the standard units of length, weight and time, 
respectively, It serves as the basis for many derived units. 


The roor-PounD-sECOND SYSTEM is widely used in engineering, 
but in physics it is being replaced by the meter-kilogram-sec- 
ond system. 


force \'f6(9)rs\ n. 
puysics, Any influence on an object that, when unopposed, 
causes the object to move, change speed or change direction 
of motion; a pull or push. 


A constant unopposed Force will cause a constant acceleration 
of an object, provided the speed of the object is considerably 
less than the speed of light. 


force pump \'fo(a)rs 'pomp\ 
ENGINEERING. A pump that moves a fluid by creating a pressure 
greater than the pressure of the atmosphere. 


A FORCE PUMP can raise water higher than 34 feet, which is the 
limit for pumps using only atmospheric pressure. 


forebrain \'for-,bran\ n. 
ANATOMY. The front part of the developing brain in an embryo; 
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also, the parts of the mature brain developed from the embry- 
onic structure, 


The two halves of the cerebrum make up the major portion of 
the human ForEBRAIN. 


formaldehyde \for-'mal-da-,hid\ n. 
CHEMISTRY. HCHO. A water-soluble gas, the simplest member 
of the aldehyde compounds, used as an antiseptic and a pre- 
servative and in the manufacture of certain plastics. 


Formalin, a 40-percent solution of FORMALDEHYDE in water, 
is used as a preservative for anatomical specimens, 


formation \for-'ma-shan\ n. 
EARTH SCIENCE. A rock unit composed of the same type of sedi- 
ment and minerals throughout; also, a stratum of one kind of 
rock, 


A Formation can be distinguished from formations adjacent to 
it by differences in sediment, minerals and fossils. 


formula \'for-myo-le\ n. 

l. MATHEMATICS. A statement of a generality or principle by the 
use of mathematical symbols and notation. 2. CHEMISTRY. An 
expression representing a chemical compound or the molecule 
of an element and describing the kinds of atoms (elements) by 
symbols and the relative number of each kind of atom by sub- 
script numerals. For example, the formula for water is H:O, 
designating a compound in which there are two hydrogen (H) 
atoms for every oxygen (O) atom. 


In the vonmuta for finding the area of a rectangle, A = lw, l 
is the length, w is the width and A is the area. 


formulate \'for-myo-,lat\ v. 
To put a plan for action in the form of a systematic statement; 
also, to prepare a general explanation; also, to put in the form 
of a formula. 


One of the first steps in doing a scientific experiment is to FORM- 
ULATE a plan of procedure. 


FORTRAN \'‘for-,tran\ n. 
ENGINEERING and MATHEMATICS. A problem-oriented computer 
language, used for data that can be expressed algebraically; 
derived from the words, formula translation. 


Before a problem written in rortran can be processed by a 
computer, it must be translated into machine-oriented lan- 


guage. 
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fossil \'fiis-al\ n. 
BIOLOGY and EARTH SCIENCE. Animal or plant remains, or a trace 
of an animal or plant, found naturally preserved in the earth's 
crust, the preservation having occurred before recorded history. 


A rossu. is used by geologists to aid in determining the age of 
the rock formation in which the fossil is found. 


Foucault pendulum \'fii-k6 'pen-jo-lom\ 
puysics, A swinging mass having little air resistance and sup- 
ported by a long, thin wire. It demonstrates the rotation of the 
earth. The mass is set swinging in a plane, and the plane ap- 
pears to change as the earth rotates, 


In the Northern Hemisphere, the plane of a roucauur PENDU- 
LUM appears to rotate in a clockwise direction. 


foundry \'faùn-drē\ n. 
ENGINEERING. The process of pouring molten metals into shaped 
molds to make different castings; also, the building in which 
castings are made, 


In a steel rounpry, molten metal is poured into molds from an 
electric furnace, a Bessemer converter or an open-hearth fur- 
nace. 


fovea \'f5-vé-a\ n. 
ANATOMY and zootocy, A small pit or cuplike depression in a 
structure of the body; especially, the depression near the cen- 
ter of the retina of the eye. 


The rovea in the human eye is the area on the retina where 
only cones are present and where clearest vision occurs. 


An abbreviation for foot-pound-second. See foot-pound-second 
system. 


fraction \'frak-shon\ n. 
MATHEMATICS, An expression representing the division of one 
quantity by another quantity. 


The expression % is a FRACTION. 


fractional distillation \'frak-shnol _dis-to-'la-shon\ 
cueMisTRY. The process by which a mixture of liquids is sepa- 
rated on the basis of the different boiling points of the liquids. 
Each liquid undergoes heating, vaporization and condensation 
of the vapor. 


Naphtha, kerosene and gasoline are obtained by ¥RactioNAL 
DISTILLATION. 
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fracture \'frak-chor\ n. 

1, MEDICINE. A break in a bone or, occasionally, in a cartilage. 
2. EARTH SCIENCE. One of the characteristic breakage patterns 
of a rock or mineral, usually described as even, uneven, splint- 
ery, fibrous, irregular or earthy. Two more technical types of 
fracture are hackly and conchoidal; hackly is a jagged-edged 
fracture, and conchoidal, meaning shell-like, shows concentric 
arcs. 


A bone rracture may be simple or compound. 


fraternal twins \fra-'tarn-°! 'twinz\ 
Twins who are each produced from separate eggs that usually 
have been fertilized and have matured at the same time. 


FRATERNAL TWINS may be two boys, two girls, or a boy and a 
girl, while identical twins are always either two boys or two 


girls. 


Fraunhofer lines \'fraùn-,hõ-fər 'linz\ 
vuysics. Dark lines that cross the otherwise-continuous spec- 
trum of sunlight. They are caused by the absorption of certain 
wavelengths by the sun’s or the earth’s atmosphere. 


Helium was discovered in 1868 through study of the FRAUN- 
HOFER LINES, 


free \'fré\ adj. 
CHEMISTRY. Referring to the uncombined state of an element or 
radical; not bonded or attached. 


Unreactive elements, such as gold, are often found rrer in na- 
ture, while active elements, such as chlorine, are not. 


free energy \'fré 'en-ər-jē\ 
Puysics. That part of the heat content of a system that may be 
converted into work. 


FREE ENERGY is available in all forms of potential energy, me- 
chanical, electrical and chemical. 


free fall \'fré 'fol\ 
AERONAUTICS and ASTRONAUTICS. A fall through space or the 
atmosphere of an object free from restraining or guiding forces; 
also, a parachutist’s drop before his parachute opens. 


Since an orbiting space vehicle is in a state of FREE FALL, zero 
gravity conditions exist inside the vehicle. 
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ampere 

Angstrom unit 

absolute 

alternating current (as an adjective) 
atomic mass unit 

al 

atomic weight 

astronomical unit 

avoirdupois 


one billion electron volts 


boiling point 
British thermal unit 


temperature Celsius; temperature 
Centigrade 

candle 

calorie 

cubic feet per minute 

cubic feet per second 

centimeter-gram-second (system) 

centiliter 

centimeter 

square centimeter 

cubic centimeter 

coefficient 

cologarithm 

cosine 

cotangent 

can 

cosecant 

cubic 

cubice foot 


decibel 
direct current (us an adjective) 
dozen 


electromotive force 

the base of the system of natural 
logarithms 

electron volt 


temperature Fahrenheit 
freezing point 

feet per minute 

feet per second 

foot; feet 


square foot 
cubie foot 


ABBREVIATIONS 


footcandle 
foot-pound 


universal gravitational constant 
gram 

gallon 

gram-calorie 


gallons per minute 
gallons per second 


hour 
energy 
rsepower 
hertz (cycles per second) 


electric current 
inside diameter 
inch 

square inch 
cubic inch 
inch-pound 
inches per second 


joule 


temperature Kelvin (absolute) 
kilocal 

kilogram 

kilogram-calorie 
kilogram-meter 

kilograms per cubic meter 
kilograms per second 
kilometer 

kilovolt 

kilowatt 

kilowatt-hour 


liter; lumen 

latitude 

pound 

pound-foot 

pounds per square foot 
pounds per cubic foot 
pound-inch 
lumen-hour 

linear foot 

logarithm (common) 
logarithm (natural) 
longitude 


meter; minute (time, in astronom- 
ical circles) 


SCIENTIFIC SYMBOLS AND ABBREVIATIONS 


alpha particle 

beta particle 

positron 

gamma radiation 

a small change; heat 

pipise radioactive-decay con- 


milliampere 

microcurie 

microfarad 

microinch 

micron 

micromicron 
micromicrofarad 
frequency; neutrino 
3.14159; osmotic pressure 
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the sum of 

nuclear cross section (barns); area 
electrical resistance (ohms) 
angular speed; angular velocity 
minute (angular measure) 
second (angular measure) 

male 

female 

is greater than 

is less than 

is proportional to 

infinity 

square root of 


degrees; temperature; angle measure- 
ment (example, 30°) 


0) 
a 


-> yng 


square meter 

cubic meter 

milliampere 

one million electron volts 
milligram 

millihenry 

mile 

square mile 

minute 

meter-kilogram 

milliliter 

millimeter 

square millimeter 

cubic millimeter 
millimicron 

miles per hour 

miles per hour per second 
millivolt 


Avogadro's constant 
factorial n 


outside diameter 
ounce 


rating on acid-alkaline scale 
parts per million 

pounds per square inch 

pounds per square inch absolute 


temperature Reaumur; resistance 
right ascension 

revolutions per minute 
revolutions per second 


secant; second 
sine 

specific gravity 
square 


tangent 


volt 
volt-ampere 


watt; work 


yard 
square yard 
cubic yard 


molar concentration 

positive electric charge; mixed with; 
plus - 

negative electric charge; single cova- 
lent bond; minus 

equals; double covalent bond; pro- 
duces 


does not equal 

triple covalent bond 

produces; forms; chemical reaction 
reversible chemical reaction 

gas produced by a chemical reaction 


precipitate produced by a chemical 
reaction 


radioactive substance (follows sym- 
bol of element; example, Cl") 


